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OUTLINE OF TEST PROGRAM

The thrée aims of thié program -

1.. vDete.rmiﬁe fatigue lives under corditions susceptibie to
statisti ca.l treatiment axd pertinent to use in mechanical
drive systems. |

2. Deltermiz;e significar;t effects of fabric.ation procedurés and
some environnriertal co:diti‘oﬁs or: fatigue life,

3. E\}alua.te thevapplicatioz: of the metal fatigue life computation

and devise a metkod valid for seamless plastic belts -

are accompljshed in 3 phasés -

A. Determire and correlaté fatigue lives of polyes.ter belts
to deve].oé a fatigue life curve.

B. Teet a: d correlate effects of ¢nvi—ronmental and ;Eabrication '

' -condiﬁoné., .

C. -Eyaluat.e polyimide belts using the techniques of'Phase A

with a small number of samples.

The ‘work itself is divided into two classes: .
1. 'Hardware for fabfication and test,

2. Statistics of test methods and data reduction.

Each of these major points is discussed and conclusions are

drawn in the final report,
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SUMMARY

Some of the terms used iz this report may not be commor to the
readers' vocabulary, but are used iz the irterest of eliminatirg ambiguities,

°

Tke glossary of terms ir tke bhac

.

sbou]d be 2 pre: face to co:mprehensive

‘reading of this report,

This test is co: weeried with seamless belts of almost perfectly

co.

cviizdrical skape, formed f:orrz a steet of plestic film, Belt dimerslions ~ay
rarge ir length from 1 to 105", ix width from . 04" to 1, 75', and in several
thirkresses from ,0005" to . 0145", of whick selecied sa mple sizes were

tested,

Séafnless beit‘s_ﬁ IaE icated from polyester ard pal Vl'_;_de {fiim, were
tested for tatigue life and the test results az;alyzed to provide mbre
adeciuate qane v f2bilivy analysis than was >pve iously available, The
teét ;.)roc';ed'u'l'e:s ard the equipmer.t used to determmire the fatigue life are
described, There is .also a desbupf on of the rmethods ard equipt::-ent used
to fabricate the belts, Eaéh test was discontizued if a belt survived 10°
cycles, Fati gue faily ites r_esu&e;i ir. broker belts befcré this limit and are

described in the report,

A method for c mp.‘tmg the fatﬂgue life of these bc"rs was deduced from
data provided by an ear! 1er report by Licht & White (1) on poly rester film
‘ Belts. This method is desurﬁbed but was found to be unsuitable ur;def some
loading conditioz:s. A variation of the prekus ::f:e’fhod was deve’;aped and

it provi ides an adequate it over a rarge of 1oadmgs which is greater thar will

I
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be er.countered in practical applications.

Two phases. {;A, C) of the t'Ae.st program _wefe devaoted to tests to
redetermine the ’x;afigue life curve; Phase A Eeir.g an exteﬁsive test of
polyester film, Aand‘ l;hase C being an abbreviated evaluatior of polyimide
film., A relationship between the endurance 1imit azd the bias of the fluc -
tuating 1oad w;s_ déveloped for each material tested. The fatigue data are
level at a known corfidence level, The stress range scaie was rormalized
and named the stress ratio. The prebability of s-uxvi#;al {"reliability') is &so

deduced from the same data.

The second phase {B) of the test program provided data on thé effects
oﬁ polyester belt fatigue life, of fabricatior and e:ﬁ:'irc-r;zr_ez';tal variables.
» The results of this test phas'é irdicate that tte best fatigue 1i‘c is achieved
when thin,- narrow bélts are used and that there is a strong irteraction

between heat treat time an lengfh—to -width ratio,

The materials tested in this program were represented by DuPont

Mylar for polyester and DuPoxt Kaptox for pblyimide.

The report is followed by a Bibliography, a Glossary of Terms, and
an Appendix containing the test data and fatigue life work sheets with

calculation procedure.
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PURPOSE
Seamless belts fabricated of plaé;tic film hav-e, been used \%/ide";y‘:.in\ fape

recérderé for space applica>tions. This in turn has created alrieed for .more
‘.adequate da'ta to be used in reliability émaiysis. A test p;ogxfafm was under-
taken to develop this data in respect to the fat-ig;ae l“ife‘ of these materials.
This progra:n had thrée aims; (1) todetermine the fatigue lives undei'
conditions susceptible to statistical treatment; (2) to determine whethexr any
of the fabrication ana some of the environmental conditions Lave a sigrificant
effect on the fatigue life; (3) to determine.wh.ether a fatigue life computation
method adapted from that used for metéls was validaznd if not, to devise a

valid method.

Thé first aim of AtkAmis test program is desigxl;ed to provide data ‘iz: z form
whick permits stardard statistical analytical techriques to be apo.ied. Tke
appliration of these .tec':hniques makes it possible to determine the fatﬂ;.gue
curve for a given survi§a1 lével, and thke confider;ée‘ level of the -cur';feb.
Additilonally, the test dafa provides information about the behéf;'ior of the

endurance limit stress range as a function of load bias.

In other 'litefatlure, fatigue data are usually presented as a curve
sbowing the relationship between a variable stress (stress fangé) and the
‘éorresponding life (in ;cycizles of stress.) The repérted variable stress is
: ,either_é fully reversed stresls of a unidirecfional stfess. It is "urderstood"
in the field that this curve represents thg lifé that. the rﬁateriaishould

exceed, at the level of stress range selected. That is, the curve
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sometimes operated in e‘r:v.ironmenfs which change the ﬁhysical properties
signiﬁcaﬁtly. The nef effect of these changes in the propefties on the

fatiéue life is not blown, This test program determines which of these
factors has a statisti'cailly sigrificant efféc'g upon the fatigue life of these belts,
This is done .overAa'wide range of values of the éeve;al factors to determine

whether a sigrificant change in fatigue life results,

Thke third aim of this test program is to determine the validity of
computing fatigue life under combined stresses using methods similar to

those used for metals,

The report on polyester film belts by Licht & White (1) included é
fatigue life curve. These tests were all run at ore level o£ installed stréss
and with various ratios of puile? diameter to belt thickness and th'e éurve is
not directly usable for other ins.talled sfreéses. The report did not state

explicitly which thickresses were tested, nor what the actual lives were.

Pré;/ious.to this program, an attempt was made to generalize the
Licht & White data by adapting a stress combination diagra@ -which is used
>f:_or metals. This method ovf life compuiation was c'hecked .against‘reports of
. our>premature failures and showéd a good cofrélation -between predicted and
Cactual lives. Some belts did fail much sooner tharn this computation predicted.
'I;his' was '"explained! as resulting fronr; da‘mage occuring during installation
of the be‘lto’_ The above data v;/as obfained withﬁnidirectional bending on a

two-pulley system; however, belts are frequently applied in a serpentine

tAS‘\ NI st Lot . v
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~rebresents the léwer envelope of the 1ives. Occasionally, a pair of cﬁrves
is presénted whi.chb represent the upper ard lower limits Qf the lives to be
expéctéd; some of these 'shbxx; the actual test- points in a scétter pl-ot. Al}

~are usu;tlly plotted by vi.sﬁal estimation. The sﬁrvival‘blevvel and its |
associated confidence level for a given curve are not krown, and the user
does not have the time or the facilities to determire them. It shouid Be
remar_ked that only recentl{r has the need for extreme reliability ar;d the high

- cost of premature failure required more detailed irformation about the

fatigue curve and its associated confidence level.

The f.atigue 'streéses which occuf in practice ar_-e frequently
nsymmetrical, and there are several s;cress combination diagrams which
Hé\re been used to obtain an equi-valent stress range with w.hircrh to enter the
fatigue curve, These diagréms give different resuits, and the user is
forrced to assume that one or the oither is representative of ithe materialin
questior'vl.’ The effect of load bias on fatfgue .1ife is equal in importénce to

- the effect of stress range, ard bcth must be used in corjunction to determine

position on the fatigue life curve.

The second aim of this test prograrh 1s to evaluate the effect of a
number of fabrication and environm ental factors. The fabrication olfA these
plastic film belts requires that the material be subjected to stréins which
approach th.e ultimate value, and the material is subjected to heatb'treatment
at an elevated températu‘;e. It is not known whkether any of these factor‘s :

have a deleterious effect upon the fatigue 1ifé‘ In use, these belts are
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'path., a 1oading patterﬁ biag wh.ich is well outsidg of thé range‘tested,, It :
was felt that éxi:erimen?;al data in this areab was.- needed; and if the above
method of combirﬁﬁg stressés were Avalid, the éxpérimental data over this
wider range of loadiﬁg patterns would provide verification of.the method. If
the resplts were anomaloﬁs, the above method would be shown to be inv.a.lid,
and the daté to de\;elop a valid method would be available. In ary case,

the third aim of this test program would be met: namely,. a valid method of

calculating the life of plastic film belts would be developed with experimental

confirmation.

"
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METHODS USED IN THE PROGRAM

The methods employed in this test-progr:;rvn fo‘deferrpine the fatigue
life chaxacteriétics_of..fhé plastic film .belts cén bé diyided into two classes:
f-irst, the hardware with which to fabricate ‘andAte>st the fatigue lives of these
Belts; secnna,- the statistical approach and techriques, to determine the test
conditions to‘,be used, ardto obtain- the maximum a.mount of useful informa-
tion from a lirhited testing program.' These methods are détailed in separate

scctions on Fabrication, Testing, and Analysis and Statistics,

The hardware for fabrication was determined by the choice of corstant
stress (loaded area of the belf maintained at constant psi), constant strain
(belt stretched at constant speed) and dra.pe, forming (proprietary) methods>
for produ;iﬁg belts. Basic hard\A)varve for these methods was in use, but
modifications for more exact cortrol of variables was necessary. The
_testing hardware was .determined by considering the normal belt applications
and operafing c.onditions, including‘stress range, crowned pulleys, and

stress cycles/min.

| Thé constant stress method prov;éd difficult to control and was dropped
entireiy. (See Fébricéti.on section.) Phase A beits were made by the
constant strain méthod oﬂy; howevei‘, in Phase B, this method required
some excessivély long fabrication times (3 hours) a.nd was di#édntinued. All
Phase B and C belts were fabricated by the drape method, Al belts were
édge trimmed to eliminate the widfh variation as formea, which 1s con-

‘'sidered to be an unacceptable variable in our applications.

T
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~The first and third aims of this test program were a;ccomplished in_
Phases'A“al.u-'d C. In these pha‘ses, all of thé fabricating variabies except
belt *:hick&xess were‘ héld qdnstant at typical values; Therefore, thg only -
Qariables tested were ma,terialr thickness and loading pattern. Each set
of conditions was teétea five times (five replicat'}ons).‘ The _dafa was
reduced and corr.lbi-ned_by the s.tatis*.ical techniques explair-led in the Analysis-
(pg. 34). These results were anal -zed and reduced to produce the fatlgue
life.curves and computation method of Appendix C (Pg. 68). A full explana-

tion of the above is included in the Analysié (Pg. 34).

The second aim of thi.'s vprogram was accomplished in Phase B by the
simultaneéus testing of eight varia:':ale's, in polye;e‘.ter.belts only, then
cOrrelétilug the results in terms of statistically 'significant‘éffects on belt
fatigue life.A The proper combinations of conditions can be selected such
that each variabl-e can be treated, analytically, as thodgh all the other

variables héd been heid cénétant. Thus, eight variabies can be tested in the
same number of tests requil;ed for one variable. "This method of selecting

combinations of conditions is called factorial testing.

To minimize the influence of unknown or uncertain factors on test
results, the tests were performed and belts made in a random sequence

deveioped by assigning numbers to each and ﬁsing a table of random num-

bers to decide the sequence.

Page 9
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CONCLUSIONS AND-RECOMMENDA TIONS

The resuits of the tests perfdrmed in Phases A and C as shown in
Appendix A (Pg. 55) indicate that proper application of belts .can result in
. ) N 8

long fatigue life (greater than 108 cycles). Tests were terminated at 10

éycles., and 16% of the tests ran this long.

Appeﬁdix C (Pg. 68) includes the material reqﬁired tt; éalculate
fatigue life for poiyester and poiyimidé film belté, and has beeﬁ written so
that it can be used without fu.rther reference to the text. The procedure
is written to give some suggeétion of the statistical implications of thé
numerical results without obscu_fingthe mechani;:s of the calculation, Blank -
work sheets, Figures 13 and 14, canAbe reproduced as needed. Two typical
sample probiems are shown in Figures 19, 26, 21, and 22, The Vl.'nethod
illustrated in thié Appendix is universally épplicable since it is based on a
range of ioading conditions which is wider than would be encoﬁntered in -

practice and the confidence level of the result is ¥nown.

In develdpiﬁg the method on1~ compqting fétigue life in Phase A, an
element of major importance was realized -- i.é‘ » belt life is found to '
correlate with the étres sesA.developed in the side in c01;1tact with the .pulleys.
Thié raises a 'question wﬁ_en a belt is bging run thrpugh a pattern with both
sides iﬁ contact during a éycle (serpentine). Whichi side should be »
c'énsiciered in deferm-ininbg'.the fatigue life, as both sidés may not have the

same stresses? The results are found to correlate if the lives of both are

R
LRSI
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~include a considerable allowance for sampling variation., A significant

calculated anci the lowest of the two is takén as the belt‘ life, which is
reasonable, sincg failure of' pné side will precipitate corvnpleée‘ failure.
For application,. the results of Phases A and C indicate the fatigue life of a
plastvic film belt to> be détérmined by-the :ﬁinimum stress and the .rangesof
stresses each point'e.xpe‘ri_en.ces in an‘operation.cy-cle. If all 'e.lse Ais
constéﬁt, decreasing tfxe r’ninimum stress or t.he stress ‘range will result

in an increased fatigue life.

In practical applicatiors, a method used to decreas_e thé minimum
stress (i.e., increase belt thicknes s) will résult in an increased bending
;tfess as the bel.t passes ox}'er the pulleys, thus increasing the stress range.
The fatigue life may be optimized by 'trading off" stréés rarge ard mirimum
stres.s. A most efféctive way to irncrease fatigue 11er is to increase the
i)ulley size. This decreases»the stress range, the installed stress to transmit
torque, aﬁd the. stress due to torqﬁe transfniséion, In geﬂeral, the "trade-

off!' technique must be used to optimize a whole system,

In Phase A, each of the test runs consisted of only five replications, as
an economic compromise between number of replications and proper cover-

age of the range of load conditions. Consequently, the final curves do

increase in the number of replications would offer two distinct advantages.
The allowance for sampling variations could be reduced, and an increase in
predicted life by a factor of two, but certainly less than three, could result.

Of even greater value would be the extension of the minimum expected life

[N
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prediction to a larger sample s_i.ze (imp.roved prediction'of reliability).

' In the'presént test, .the r.esﬁlté of one failuré in five bhave‘ bezan ext_rapolated
to predict one in teh, These commerts are oz;iy partiaily applicable to the |
results for polyimide film (Phase C). Theré were only five sets of test

runs (5 4rep1i.‘<;,ation5 each) made over a relatively narrow ramge of load
cénd-itions with this.material. In this rapgé, the exdurance limit stress range
was 35% highef than for polyester film. The étarzdard deviztion and

sampling variation of both rnatériéls were SO nearl? equal t=at it was felt

that the behavior of the polyimide film could be extrapolated as a constant

ratio from that of the polyester film.

It has been deterrnined fhat this 35% increase in iendu:ance limit stress
range is .reﬂected as a five-fo'ld or more incre}as_e in fatigue life, on direct
substitution of polyimide data into the life calc»ulatio::sv. Comsequently, it is
felt that a m(_)fe extensive test program for polyimide film would be justifie‘d.
Further testing of polyimide film should bé consideréd as findamental
informatioﬁ and not as a ramification of this report. As such it should
include an intensive strAess ‘study analogous;_ to Phase A ;:tnd = factorial test
analoéous to Phase B. Thié iatter test shou_‘)d;c‘onsider the variables:
thickness, width, length, eloﬁgation ((-)f ir.r;ér edge),formirg time, forming.
temperaturé, c‘ycling rate‘, 6perating teméefature., This fzctorial test would
ideally precede the éfher -p_o:t.ions of the test pfogfam to ottain the Be§t

results, since Polyimide film is relatively unfamiliar.

In Table 3 (Pg. 65), the results of the aralysis of Phzse B, considering

or

[9 R £ :
- oo
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the var1ab1es 1nd1v1dua11y, are tabulated as variance ratlos. These ratio

values;, considered as a statlstlcal ratmg of relatwe 1mpor.,ance to fatlgue
life, can be separated into three groups. Two variables have ratios

exceeding five; five variables have ratios appreciably less than one; and the

eighth variable has an intermediate value of 1.4. Interestingly enough,

this intermg:llaie vaiue is known from Phase A to be significant. Based on
the more extensive tests of Phé;e A, we would expect a 58% redu_ction

in fatigue life at the highfer stress ratio, while this test shows only 22%
reduction. This sort of difference is-not unexpe4cted with dzta which héve
such a large variability. THis variable (stress ratio) can be used as a

criterion for judging the other tests.

The two variables which show definite significance are the material
thickzleés and the length-to-width rétio. Here the length-to-width ratio
implies width alone, since tic length was held fixed and elongation was not
a significant variable*.k Both-an inéreasé in width and an izcrease in

'

thickness effect a reduction in life., This is consi_stent with the current

theory that the étrengths at points are '"mormally" distributed and, there-

fore, the weakestpoint in a large sample will probably be weaker than the

weakest in a smaller sample,

it would appear that, other things being equal, the minimum cross-
sectional area required will result in improved fatigue life, and in this
respect, unnecessary material would be a detriment. There is a strong

implication that the volume of stressed material is the significant factor

and that the 11fe may also be related mversely to length.

(*statement to be used again)

29 S0. PASADENA AVE, PASADENA CALIFORNIA * Page 13
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'I"he effeey of 1e1igfh—te —widf;hA ratio and thickness ‘sh.ould be further
invesiigated to define clearly the effect of these variables which are irripli-
cated s-e stiengly by the statistics. The lenigth-tov-width ratio should be in-
irestigated to separate or correlate the effecis of length or width alone, and
all oi these belt volume elements sheuld be more completely tested to pro-
vide. a guideline for optimization of fatigue life (in the present study oniy the
stresses are considered) and to more closely ai)proxirriete an exact life pre-

"~ diction.,

No significant difference in fatigue-'life between the constant strain
belts of Phase A and the drape formed belts of Phase B was noted, On
visual exam1i1at10n, the scatter of Phase A poixts was compatible w1th the
scati:er of iPhase B points, altheugh the conclusion was not statistically
checked due to the e'rror in the original rnethod of Ca.lculation, which ‘resvulted

in different stress levels between Phases A and B.

Examiiiation of the interactions in Table 3 (Pg. 65) shows four inter-
actions wliich are clearly significvant ard two more which a:t;e probabl.y eigni-
ficant. Two of the clearly significant interactions éﬁd ‘one' which is probably
significai_rit involve thickness as one of the interacting variables, and the
1ength w1dth ratio (*width) is 1nvoived in the remainder With a clear inter-~
aCt_ion between these two variablee. The interaction between the thickness
and width is a strorig iridication tilat the cross-sectional area. (or pos siblyw

volume of stressed material) is involved inverseiy with fatigue life. The

detrimental effect of thickness diéappears at 200°F and is reduced at a
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l;lighél;' stress ratio, The detrimental effect of llength-:to-widvth ratio is
efféctivel;)r neé#ted bjr an inc‘i'eas'ed heat tréat time; The detriméntal ‘ef‘fect
of increased length-tov-rwidth ratio alrﬁo.st exécfly‘matc};es the‘patte fn of
thick“nvéss aga.in‘st stress ratio. In both of these last interactions fﬁe fnagnitude
of ch'ange‘ i.ndicated is appréciable (50.%), but the variability of t};e data is
' large .enough‘ so that lit cén only be sé.id that the effect is px-'obably significant.
The interaction between length-‘;o-width ratiorandbcycling rate appeé.rs_to
be statistically significant; however, the deviation is so small compared to
the efféct 6f length-to-width r-atio alone that it is felt that this is proﬁably
not really signi‘ficant.. In any case, the residgal effect is so sma11>it caI;

be neglected in life predictions.

.For polyesfer there does appeai‘ to be a stréﬁg interaction between
heat treat time and length~-to-width ratio, var.ld it would be desirable to test
further to determine the optimum time for each combination. Further testing
of the relationship betx&een thickness and operating tempebrature would be
useful in providing te-st data at elevated températures and would provide

insight into the interaction.

The confidence levels quoted for the curves of th.i's report are really
quite conservétive. At each stage the cu-i'\'fes were taken throuéh the lowest
of the low points; The author did not have the 'tirﬁé or mathemafical sophis-
tication to derive a procedure for plotti:'r;’g a faired curve, ;t a given confi-b
dence level,‘ thrdugh thé test points.b. If this procedure could be deriv_éd, a

longer life prediction at the given confidence level would result.
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In summary, it appe‘ars the_'best fatigue life in polyésier belts will
result from op.timization of belt stjr.esses, \%olume elements, heat treat time,
and éperatiné temperature, At the present stage; oniiy the: stress variable

has been thoroughiy -’;ested. Further testing of the remainihg variables is
desirable. Considering the result‘s of the abbreviated testing of polyimide
maferi:}tl? it is aesirable to perform an extensive test to determine its full

value,

i
[
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BELT FABRICATION

shown in Figures 1, 2, 3 (Pg. 50) ard by a proprietary drape-forming process.

>A11 belts of Phase A were formed by one method (constant strain). It was

and it was used exclusively.

‘rate the spindles and thereby stretch the belt blark into a flat belt. One

"constant strain' belts. In our experience belts formed in this way perform

~too close to the Ultiinaté Tensile Strength of the material, in spots, with

E;;g 29 SO. PASADENA AVE., PASADENA, CALIFORNIA 3 : - Page 17

The fabrication of belts for this test program was dore on the machine

.

desired, ir Phase B, to té.st thg effect of diffefght m»etho.ds of fabriciation on
fatig'ue life, but technical difﬁculﬁes requ.ired eliminati-on.’of both planned
methods and the comparison between them in this pha sé; and the_dr.ape forming
i"nethod was substituted and used for all belts in Phase B, ‘Experience with

polyimide indicated this last method to be the suitable ore for Phase C also,

Two different mechanisms were incorporated in this machine to sepa-

mechanism is a lead screw driven by a variable speed drive (see Fig. 2).
This erabled us to set the rate of strain (which was held constant for any one

class of belt) at the desired value. Belts formed by this method ére called

satisfactorily; however, a theory of belt forming indicates that this may be
harmful. It assumes that there is a very uncertain relationship between -
the '_ra'te of strain and the rate of yielding, and the material may be carried
subsequent hidden damage. This theory concludes that the stress should be

held at a constant level as close to the yield point as practical.

Ve ik o e b et L s et b e o



vperiod arnd must be cooled before the belt is removed. Both spindies are

tubes to the far end of thé spindles., The coohng oil tl‘en f“ows back freely

Eg 29 s0. PASADENA AVE. PASADENA, CAI_/FORN/A B Page 18
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 The second feed mecharism was built into the belt fabricating machine
to implement this '"constant stress'" method. This mechanism (shown in
Fig. 3) consists of a cable and a push-rcd assembly which applies a separating

force between the forming spindles eqﬁal to the load on the end of the cable.

AlAl‘ spindles are cfowned b? a 2°¢ tal-).er or both sides of a 3/4-” ﬂat_,
with bier.de.d corners, in order to maintain the belt on‘the spindles., In use,
an oven is posuloned to surround the forming spmd‘es as shown in Fig, 1.
The remalmrg feature of the belt fabricating machire is the coohng system,

The forming spindles are”heated during the entire forming and heat-setting

gun drilled neariy the full length, and a small certrifugal pump unit, located

on the floor beneath the machine, pumps cooli.ng 0il through small stationary

to the erd of the spindle, is co“ected in a banjo-type f1‘rtmg9 and dra1ns back

to the pump unit. This cooling system can be seen in Figures 2 and 3.

The constant stress.method was ébandoned a;fte.r .several difﬁcultie>s
were encountered with the technique. The first test belts fabricated by the
cdnstant stress method revealed a desién ovérsight, ThLe bésic assﬁmption
haa been that a constant }.oad on the cable of th'elrfeed mecll'lazllisrr} would
provide a constant stress on'tﬂe belt as it.wasformed. Two things became
appa.rent when the first trial wés»made.u First.y the load carrying area of
the belt blank varied frprp zero at the start to a maximum as the flat blank

was stretched irto the cylindrical form. After the blank was pulled into

AR
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g:ylindrical form, contirued eloqgatlbo reqaired still hvgher 1oads° As a first
a'ttempt‘to soivé.thisiérbblem, several belts were fabricated by starting with

a ]A)W weight and addip;g a&ditioﬁai w:eights when the rate of yiél_dmé became
inﬁperceptible‘, Most of these belts did stret;:h to their full elqngaticn, but

the variation ir width was excesswe,' As tl'le extire assemb].'; wés quite VSpringy,
it was felt that this exces's1ve width variatioz might be caused by 1oad peaks

as the weights were added. The ca.;t)le. ioa'ding system was then modified to
incorporate a bell crank so that the load on the belt varied és a sine function

of the elongation. A few 'trials> weie sufficient to show that the load variation
was still inadequate. A load which was just right at the start of .forming would
not be enough to ﬁf;ish pullirg the blark out to fiﬁal 1engtho The loading system
was further médif‘led to increase the 1oéd variation by mourting the cable drum -
off center. The belts could be form.e.d with this setup; however, the width
variation wa.s still excessive {about plus or mirus twénty percent). This large
variation in width was ircompatible with proper control of the variables

tested. The time allotted for tne test progra:n was‘ runring out and the pros-
pect of obtaining adequate uniformity seemed dim .enougﬁ to justify a c-hange

in the method of making belts with a concomitant clarge in the plaﬁned

fractional factorial design.of Phase B.

“ The machine a§ ériginally conceived and bu.ilt for thé constant strain
method, had é fixed feed»rate which was éelectéd as the avérége used for
the h‘a.m_d feed in oui’ usﬁal belt fabrication. Early experiencé With this
r-n.achine‘ indicated that the usable feeAi rate vafied inversely with the‘.elonga-

tion of the irner edge of the belt biank., A variable speed drive was interposed

\ - :.5"'2-'7 Pl
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in the constant strain fet;d mechanism and held at a fixéd speed for any one
class of belt., After this was déne‘, there were ro further ciifficulties exper-
ienced with tHis methoa, ar -all Phase A bélts were folrmed By thlS method. |
I:d Phase B, the most se\-/"ere forming {90% elongatio:ﬁ of.the irner edge)
required three hours to form the b‘elts‘and did result in a us.eful yield. Ho;;v-

~ever, this fgbrica;cion time was excessive in view of-the allotted tes't time.
It was decided ti:at the results of Phase A (usirg this method of fox‘;ming)
could be applied to a coﬁclusion in Phase B cor;cérr_iﬁg fhe effect of forming
method on fatigue life. 'Thereforé, the constént strain method was discon=-

tinued in Phase B.

'I_’he third :ﬁethod of forming be’_ts,v whislh. was substituted in Phase B,
can be called a drape forming process, "Iz this process, .a' forming mandrel
is preheated te the desired ‘Lémperature ard 2 sheet of plastic film with a
hole of the prf-mer size is forced over the ma=ndrel. This extru@es a short
tubular section which is "set" by a -’:i.med soak at the forming temperature.
buring the forming process and the subéequent hegt soak, the inte.rnél orient-
ation of the fiim is changed permanextly. At thé exd of the sozk period, the
mandrel and formed blank are quenched in water, ard the 'bIanlg 1s removed
-from the mandrel. For thié teét program, the mazndrel was‘ heated in a small
standard laboratory oveﬂn. This method was 'used in Phase B exclusively
for reasons mentioned'previousljf, and in Ptase C for convenience and ease

of control,

e -
[
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It was decided that the width variation as formed was not compatible '

with control of the other variables; therefore, after forming, all bglts w_eré

trimmed to width by shaving the edges: this was accomplished by holding a

razor blade against the edge of the belt while the belt was being run between
two ‘pulleys. Arn older method, grinding with anabrasive wheel, was tried

and rejected as it was slower and more difficult to control.

These fabrication ?rocesses result in a high yield of cylindrical belts

| with close dimensional tolerances:

io;. 25% in length
40, 005% in width
+1 5% iﬁ thickness
No physical measure is taken of the tolerarce on cylindrical shépe, but any

convergence of the sides in acceptable belts is difficult, if not impossible,

to discern visually.

Page 21
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BELT,TESTEﬁS

Figure .4‘ (P"g., 53\ illustrates oxe of tf;e testers ﬁséd in this program.
The motor is a spiit-ﬁha se sy?:;chror;ous motor and can be equipped with
either éf two sizes of drive pjlley; to vary the st.ress cycli';‘;g.rate. At th.e
other end of the tester, the idier puiley assembf‘.y can be seenA. .These two
pulleys were crownéd bj cutting a 2-inch radius arc ac:"os’sv their width to
provide belt guidance., The idier b';lley agsembi‘y incorporétes several fea-
tures, The assembly car be adjusted iz az;d out to set belt tersion, The
pulley a1;1d bearirgs aré_pivoted iz the ‘rame sé thatba rormally open switch
is held closed by belt tersior., Arn adjastable stop limirs the ﬁotion of the
pulléy assembly and permits adjustent for prop‘erj’ bé'_’_t tracking.  The switck,
v.lhe'r? closed, rums the nctox é:’;d ar. elapsed ticze m.e ter ;:or.r;ected in parallel
‘with the motor, When the belt breaks the switsh cpers, stopping the motor
and the elapsed time meter and r'urns'br._ a reor lamp té provide a visual indi-

cation that the tester has stopped.

To obtain the maximum 1‘ésff.r_.g capacity wi.’;h a figed matérial budget,
it was decided to equip each unit wit’.l‘:eight test épindle assemblies of variable
spindie diameter to prOf,'ideAthe.be?_'; stress patterw, Eigklt bearing capsules
are mounted on tEe basé of thé tester begween the motor ar;d idlez} pulley;

The capsules éfe adjustable in a direc:“r.ion transverse to the centerline of the
-tester. The capsules 'c'on’ga.in two R4 beéri:_gé at:(i caxn accept any dian"xeter

" test spindle,

s - e
. 3
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. ""Ifhev,-te sters w'é;'e ’de signed to be  szitable for a wide range of tests,
The tésf gpind‘.es were Aq’Stair;ed. in --éevera’, diametezs to pr évide different
amounts of 'bending.sltz.'ev’;sé in the be.?.té aﬁd ;verg cylﬂindr ical, without any
crowniné, The belts can be.‘ t_};.re.adga ouztside ail test spizdies or on alternate
'sides(s.ei‘lﬁent-i;r;e) of fhe_test spindlés o) ob'ga_i.n- variois amounts -of stress
range, The installed stres's can be "varried, over a wide range for various
degress of bias, Sixteen ;cestérs WET € bu"TEt fer operation at room
temperatvre, Two additional testers were modiiled for 6peration at
elevated tefnperatures . The modification merely provided fcr remote
mounting of the rh@ter and a laboratory over to provide the elevated

temperature ‘environment,

The tes* tecfniciar: was pf:\\.'ided witk a data sheet (Pg, 54) for each

test run, The data sreet §pe'§.‘,ed ut tf.le {fabricating and test conditions to
be used, The test conditions which were »speuf;ccﬂi were.the -fabrication
conditions, the operaﬁﬁg temperature, the test spindle d:rameter, the motor
pulley diameter, the threading pat(er.n ar;d the Load fw“ the idler puzlley, The
test spindle diamete.r, threading pattern and inad on the tp‘;lley deferr%)ine the
sgverity‘ of the fatigue loading, The motor p'.;.?_?e.{' s}z‘e determines the
cycling rate, The test techniciar sets .1}:.e test belt ‘.,:';ose’:‘.y iﬁ place and

. shifts the te_st spindles in or cat tc obtain about equal Wrap (15°) on each
test spindle and to leave the idler with enough adj';st.n-oem 10 .permit}tension-\
ing, The.b belt 1eng'thAwasbmeasx1red cnder a kr‘o;x':;: tersinr befrre testing,
The tension was appiied with a fish scale and the idler pulley assembly

locked in place, The reading of the elapsed time indicator was recorded

car Ve ey
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at the start and end of each test, ‘Once sta?ied, the test ran continuously

: A 8 : o
until failure or until 10 stress cycles had been accumulated,

During the first tests it wa.s found thgf the mo't.ovrs"had exéeséive
§tarting accelération for thé belts tested, The torque fequired to
accelerate the test spindles e:?ceeded th‘e Cap-acity of the belts which then A

"slipped off the .motor p-uﬂey° i.t>was necessary t.b add a resiétor in the
starting wmdmg to reduce the starting acceleration to an acceptable value,
The smallest diameter test spmd‘es (,100 inches) ran at a speed of

37,000 RPM and the capsule ran quite w'arn"),, An excessive number of

bearings failed under thesg conditions, It was fina"ﬂ.y determined th:at.the
temperature rise upbﬁ start-up was causing the éi.r inside 1-:he capsqle

to pump the oil out of the bearingso. This was cured by drilliﬁg a

breather hole in the s.i.de of‘ each capsule, Therve were periods during the
test program when the test technician could not fabricate belts fést enough

to keep éll.the testers running, Atpther ti.m'es he had to wait for a

tester to be open, It does not appear that the optimum number of testers

is very far from the number used,

" 29 s0. PASADENA AVE PASADENA CAI_IFORNIA L Jx Page 24
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ANALYTICAL AND STATISTICAL TREATMENT

This tesf program is divided into tﬁree prases (A B, C); of these,
_ statistically A and C are treated alike, while B is treated by a different
te'c}.miqueo Tke 1arge.stt rumber of teéts (Prase A) was perform»ed to
redetermiéxe the fatigue life .curve with knowrn confidence levels and s*;rvix-/al
levels at given sets of operating coﬁditioﬁs for pcélyester belts, This data
was géed to deduce and justify the method of calculating Belt fatigue
parameters in any general oberating conditions, ‘P'nase C c-onsisted of a
similér although abbreviated test of polyimide belts. The test conditions
were controlled at values commensurate with conditions we normally
employ, '-Ihe otker part of the test program (Phase B} was. designed to
determine whether some of the fabricating or er:'v'iro::.men-tai varialﬁles had
s.tatistical‘.y significant effects upoﬁ fatigue life and zlso, if the effects |

were significant, to determ:re the magnitude and direction of change,

In a previpus repoi‘t on pnlyeéter film belts &% Licht & White; (1)a
fatigue curve was presen.tedo The testAconditions for their test were a
fixed value of iﬁstalléd stress (1600 psi), which is lower than normally used
in practical ai)plicati.on, and various'levéls of benidi::g stress

Elastic Moedulus x belt thi : o . '
stic Yo .d usax elt t 1cknesq}° The ordinate was plotted in terms
bernding diameter _ L

(
of the bending stress at the smallest ptliey; an auxiiiary scale on the
ordinate was plotted in terms of the pzlley diameter to belt thickness

ratio, ir f)r‘Rf aﬂempt to generalize this curve was made by the following

procedure:

‘:_ .
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"The maximum stress at the outermost fiber of the beit was calculated by
adding the bending stress to the stress due to installed tension,,' ‘The minimum

stress in the outermost fiter was simp.y the installed stress, This was done
- :

at that point on their fatig:e curve where the life was 10 cycles, This point

on the curve was selected because the erdurance limit stress range is

frequently (ard here} defined as the variable stress which will give a life of

N

7
10 cycles,

" The maximum and minimum stresses cetermined above, and the yield
and ultimate strengths of the material are combined in. a graphical method

for determination of the endurarce limit vs, mean stress, (S +S5
> Ymax mire "’

T2

curve as showr below. This method ard the assumptior that the curves are

straight lines are standard for rﬁetal fatigue life (;omthat'f,on (Pg. 84, Ref, 11,
S . 4 + .
“ult ) S ou
s, L 4
, ‘ o The diagram is drawn with the
operatirg stress as the ordinate

S Q : L arnd mean stress as the abscissa,

On these axes the ultimate (S )
u

ard vield (S;}‘r) stress are marked

and the corresponding points

(U, Yjplotted in the plane,

Now for the particular operating

stresses from above (107_ cycles at

) we piot S vs S . and
mean max mean

S | vs, S The line
min, mean,

connecting these points covers the

S . range of stresses encountered in
mean , .

“this particular operation,
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It seems evident thé.ﬁ if the stress range were iﬁcreased or decreased,
the life would be inversely affg@e"d,';”From analysis and experiment, tﬁe
liﬁes f;'om U through these 1.as't two pomts to thé ordinate aéterm'i(;e the .
boﬁnds insi'de whi.chfatigue life can be éxpected to-' be at least the value choseﬁ
for end.ux“ance life (here 107 cycles), With stress ;anging outside these
bo‘undsv, fatigue life is expec"te.d to be less than the endg?ance life, " (Pg. 84,
Ref, 11), Normally, operation beyona the yield stress (SY ) 1s not desired;
this detérmines the 1ines‘at Y as additior.al limits on the endﬁrance diagramm

. (hatchedAarvea)‘, This diagram is .ex‘tended into the other .half.pla..ne in the

same way,

Thi.:s aiagram is» usually drawn from tésts with fully reversed variable
stress, (Smean = 0}, in this case; we héve wor.ked bacicward.from a
known load pattern to detérmine the diagram, I_mp'lic.it_ in this diagram is
the a.ssumption that fhe énduruzﬁce limit vari‘e‘; i.ir:early with the mean of the
maximum and minimum stresses, The above diagram was modifiea !:o.
sirhplify fatigue life computations, .The stress range (maximum minué 7

minimum stress) was plotted against mean stress in a second diagram

shown below. The two diagrams are equivalent,

‘Line of Endurance Limit Stress Range

' o 7 -
Stress Range (for life of 10 cycles)

~ ult -

o H . . o ke : S A N
R Sl wdy 7. KA STow - 5,
3 opie H N N
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>In £his diagram -ti}é ébscissa was rescaled ax'zd rélabeled with the sum
of the maximum a.nd Aminimum stresses to séve a division by two in every
éalcglationa The diagram'ié cut off at the poiﬁt wheré permane‘ni; yieldiﬁg
would occur, Every poin;c on the Erdurance Lirr;it Stress Fange line
repr’ésents a set of values of stress range and mean stress which- (it is
supposed) gi_ves an expécted life of 107 .cycles> of stress, bperation in tbe
ilatched area will inc rease the expected fatigue life whkile operation out of it
wiil decrease the expec;ted fatigue tife, As be;fore, thf.é dizgram may be

extended to the negative abscissa,

’fhe bending stress scale of the curve i the report by Licht & White
(1) was normalizea and r.éméd stress ratio, The stress ratio was defined as
the ratio of thev actval stress range to the end:rance limit stress range at the
same mean stress (this definitlon was modified ’;aief as a consequence of the
test data develuped . this program), The procedx.;re‘was then to determine
the sum and difference of the maximum and minimu®) stresses, From the
éufn {mean stress tim.esi 2) enter the diagram 'above and determine the
éndurapce limit stress rahge; Dwide. this value into _th; difference (stress
range) to obtain the strebss ratéoo The normalized fatigue curve from
.Lic'ht & Whi.t.e is then bentered with thé stress ratio to determine the predicted
life, This curve howéver, is only as govod as the test resu'itsi which produced
it; the values for Su and SY are not é.bsolute bu-t have some statistical
uncertainty; the values of operating stress Smia.x and Smi X will not always
produce 107 stress cycles before fa-il.ure;, 'Ti*,e curve beccmes fully useful

only when we know the limits of the many uncertainties inwvolved in the curve

. R o 7ot o
v W L RN e ;
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determination, Statistically, the gereral érgument 01;1 fatigue life réworded in

-in terms‘of this studﬁ;;, is that if t}:e.fatijg":-e lives of i.ndividual pointsv on the

~bel’r;s are- evef. api:oz oximatelf norméll§' distributed and all points on the belt”
are subjectéd to fhe same :;*L';rribér‘of stress cyc-".es’,b -tlter_ testing the belt to
faﬂuré is equivalent to determining the Ashor.t.est. lived point in a very large

sample, I th:s process is repeated a large nimber of times, the failure

times of the shortest lived Apoints have a distrikution of their own,

The abové, when done mathematically, re(su"_ts in the expression
used (Weibull Distrib:\zti‘on),, If tke ‘;oga.rithm of 1if¢ is plotted _égainst
units of standal-r-d de'_:iati.(?n of the distribution function on a cum*alative
basis, and if the.fﬁnction fits the pop';?,,a.tiaﬁ, a straight lire plot ref.sults,
The first few complefed test rurs of this 'pr-ogram were used to \;erify the

validitv of the Weibull Distribution as vsed here,

The values of this distribition functior in terms of t_hé several
par'ameters are tabuiated in.RefO‘ ? and in. a somewhat less useful form in
Ref, 2, Two methods for aétu.al constr.ctior of Weibull Distribution
f’robability_paper are shown in Appendix »D (Pg 85),. The actual scale

is shown in terms of percent failed, and is non-linear,

When a finite sample is .tested, aL of the samples will fail if the
testing is C(;ntinued, If a further sa~mp1e ;?.s.added to the origiﬁai.
sample, it 1s known that the larger sampie will pr oba‘blyA show a widér
range of vavllué‘si é.nd that the larger the sample, the wider the raﬁge, 'i‘he

actual points in the criginal sample should be plotted wkere they would

R s
R
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probably lie if an infinitely. large number of tests had been run, and these

tests were a part of this large number of tests.

This raises the question of what method should be used to plot the
test points in a position where they will best describe the expected distribu-
‘tion of infinitelv mary test points. This requires some adjustment of the »

actual data, for plotting purposes since a finite sample is being tested.

Here, the‘relative number of failurgé {portion failed) is modified:
i.e., for the first failure of five replicatiéns, we would say 20 per;:ent had
failed, but for plotting ’:giurp;)sés?' this figur.e would- be changed. Johnson (2)
advocates the use of the median rank (the percentage failed which the test"
point is equally likely to exceed or not) as a plotting position; however, this
value is dependent on the di-s;ribution functi-on, .Gumbel (4) advocates the
mode (the‘most_ freqtient; _ocr.‘urrence o.f the \;'alué) as the \p‘lotting posifion.
The mode is inde;f)endent of the distvribulion function ¢4) and was used
in this study aé the plotting position. In térms of portion failed, fhe value
of the _r.nod.e of 1he‘r‘nth failure in a sample of sizé nism/(n +1). As,
for‘the exémple ”abo.ve, the life of the first failure of five re;’)licaﬁons would

be plotted at 1 -(17- pe‘rcent),‘
541 S

The analysis procedure is to arrange the n tests in order of
increasing lives (rank) and then to plot each of these lives against its
corresponding plotting position. Due to sampling variations the actual

points will be scatter'ed randomly about the straight line which would have

. T AR pn s s S gr e el SR ST RN VA e f S P e s e s g
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reéul‘ted if n Wefe in.fi-nitély larg'e, " This line -is estimé.t_é’cil by. aéplying the
method of 1eés‘t sq\.'lar‘es. to the test points. .’lA‘his calculation pr'owideg the
eqﬁation of the line wilich fits the test points -with the smallest variaﬁqn about
the line ana allso pr‘ovides 'the staﬁdard deviation of the test i)diﬂtS about this

. line.

The nexf stép in the ﬁalculations provides a prediction interval é,bz;ut
the bes.t fit line. The prediction intefval, a band extendivng.on both sides of
thc above straight 1i.ne, is calcula‘tea io inclﬁde a pre-selected percentage of
all test points that would be expected under the same conditions. In this study
the 90% prediction.interval was selected. Then no more than 5% of future
test points could be expected to have lives shorter than the lower limit of the
prediction interval and no-m.ore than 5% of future test points éould be‘ expected
to have lives which exceed the upper limit. Since our concern is wit_h how
' loﬁg we can be sure the equipment will be operable, theilower limit of the
prediction interval is the one of interest. We can thgn say, 'at least ninety
five times out of a hundred (a 95% confidence level), the 1life, when a given
portioﬁ have failed, will exceed the value of the lower li;nit of the prediction
interval of the same portion féiled; " Most of the re'rnaini.ng‘fi\'re times
will be closé to the lower limit. All this refers to test points obtained

under the same conditions of stress range and bias.

In this study 95% confidence level was selected as a usefcl com-
promise between assurance and economy of testing. Phases A and C, which

were determinations of fatigue curves for polyester and polyimice belts,

sz. Yy
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" The stress ratio ( - Stress Range } had been calculated

h!‘ ﬁ?’j\% W} E}Aw :

were treated in this way.

The raw data points are also plotted on & stress ratio vs. life graph.

Endurance Limit Stress Range
”before conat}cting the test by using t.he‘ 555 ginal technique .fo..r the Endurance
Limit Stress Range on VPage 27. tTh.e points are then considered in relation
to the established fa‘éigue curve and are used te check the test progress and

the coverage of the desired range.

L
Specific numerical details and the modified anaiysis are discussed

and developed in the following section, Results and Analysis.

A great deal of work has been done to develop testing techmques
for the determination of optimum condlhens with several varlables. It is
possible to test the effect of each va riab]e separately and then the effects
of each combination o£ variables and then determine the optimum condition!
This u.sqally involves an impractically large number of tests. Mathematical
analyeis shows that the same accuracy and sensitivity can be achieved if ail
the variables are tested in the proper corrhainations of _conditions at the same
time in a much smaller number of tests. This testing method is called
factorial testing apd the set of combinations of conditiens is a féctoriai
.desi.gn. In é factorial design every possible c-omb’inatio.n of variables is
tested once. . The entire design ean be repeated as mahy times as
necessary to measure with Lhe desired sens1t1v1ty When a block of tests

has been completed accordmg to a factor1a1 desxgn it is p0551b1e, by

‘:.S.r‘x S
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analytical techniques, to separate out the effect of each variable as though
it had been the only varriable, and the effect of each interaction between

variables as though these variables were the only ones tested:

Still further economies in te‘s'tAing can be bought at the price of some
loss in sensitivity.by proberly selecting a fraction of the tests from a full
faétorial design. :fhis design is :callt-ed a fractional factorial design. The
effects of at least some of the variables are mixed up (''confounded' is the

Aterm used in thié field) with the ef_fecfs of some of the interactions. The
experimenter is able»,. with certain restrictions, to .sélect which va.riables

are mixed with which interactions.

VTh.e design used in this ‘study isal/8 fractional. factorial design
for eight variables at two levels. In t}.lis case threé variables are mixed
up with four factor infceractions.. This ph-uas_e'of the study is intended to
determine which of the variables do have a sign-ificant effeét and to .
determine the direction of change of the variable which would result in
improved fatigué life. If significant éffects a‘re found, furti'ler testing would
be required to determine the optimum values. This furthef t¢stiné would be
restricted to those few variables which wére found to be of interest. The
.coét in terms of sensitivity in this screening test is not considered of.
importance. A ;:ompléfe discuséidn of this type-of testipg is available in

Reference 8.

PN ey b B . ¢
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RESULTS AND ANALYSIS

B The test conditione used. and the lives obtained are labulated in
Append1x A and B (Pg 55). 'Ihe- date .is aleo shown graphically in the form of
scatter plots. Flgure 6 shows the data for Phase A (polyester film) with the
stress ratios calculated by the method developed as a result of the d1screpan-
cies shown in Figore 5, (Fig. 5 is based on the first, rlow obsolete, method )
Figure 7 shows the data for Pl;ase C. (polyimide film). Figllres 15 and 16 in
Apperldix C (Pé. 68) shov&l the relvalionship between the endurance.limit stress
range and the rhinimuln stress in e etreée cycie for polyester and polyimide
film belts, respectively. Figure 17 ls the working fatigue curve which was

developed by this Study.

D.uring the'c.ourse of the 1estingvprografn the oelts whieh failed under
test’ Were spot .exan.uri-ned..‘ The visual appearance of the break followed one of
three Ageneral oatterns.' Therc was no coulxt made of the number of breaks
which followed each pattern. One form of break is characterized by a fraeture
su-'rface sul)stantially square 10 the surface and lhe length of the belt with a
small tit at one e<lge. The.eeeond general form of break 1s similar to the
first, exeeot that the breaklline would turn from square to an angle between
30° and .450. from tl'xe length of the belt, witllin the width_ of the belt, end then
turn baok square. The thlrd general patterin showed the same shape as the |
second form except that delamination occurfed in the al'ea of the break This
delamination could extend over enough area so that the break lines on the two

sarfaces of the belt were offset up to one-(juarter inch.
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A typ1ca1 run from Phase A is shown ploue_d on a W{eibull Plot in

‘ Flgure 8. The calculatlon of the best fit line a.nd the cqnfiden.ce band are.
shown,in Figure 9. The computation is covered in detail in Reference 3,
.Page 238. The ime-rpretatio_n of-this plot is that the strajight .1'ine is the best
estimate, basea on the s‘amplé of the line which wbuid d_eécribe the relation-
ship between the ufe‘ obtamed and the poruon failed i{f an infinitely 1arge
number of belts had been run. There is. however. a known degree (ﬁ_ un-
certainty in the }position ar}d siope of the line due ‘o thé ariation in the finite
sample tested. A fgrthér uncertainty is introduced in any other sample which
will be tested later. Therefore. ball that can be said for a subsequent sample
is th;t at least 90% (in this case) of the time the li\"&.é obrainved at a given :

portion failed will lie within the prediction interval.

‘Example': Given - Ten test runs with {ive belts each, under the same
conditions aslthose which pr'oduced the Weibull piot. Plot the live vs. %
failed fo;ﬂ these new runs on the same plot. Result:. Of the ten points produced
by the first failure in. each run, at least 4'nine. will be expected to lie in the -
prediction in.terval. The same predic*iori is made for th; second failure in

each run, and so {forth.

The 90% prediction intervali was calculated so that we could say, ng 5,
of the time the lower limit of the interval woﬁ}d be‘equalled or exceeded. "
Each run of {ive belts was treated in this way if at least three belts failed

. 8 8 - '
before 10 cycles. All tests were stopped at a hfe of 10 cycles of stress, .

and less than three failures in five resulted in discarding (for analyt1ca1 pur-

lposes) the result_s because of the limited utluty of the data.

- ,“ v ,( 3 i . :
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each line were tested b*f the use of Cochran's test for the homogenity of

Jated value of 0. 185 for the variables involved here. The variances (slope)2

In the same manner as above.- Cochran's test indicates that these variances

" film belts (Phase C) shows that here also the slope and prediction interval

e R

The value of the slopes of the pio® and ihe variability of the data about

variances (I-D\eierence 3. Pag;": i98). The slope of-the,Weibuﬁ plot is the
stanéard devia'ri'c;n of the _distribution- funﬁtion. Here the standard deviation
is a measure of the sApreadﬂin life of similar bel;cs under similar conditions.
Its square.is the bcaor'respondingv*.'arian;e. Cochran‘s.fest for a group of
variances conéiéts of taki.ng the ratio of the largest .varianpe in the group to
t»hei sum of all the variances. and ;:Omparing this ratio to that which Would be
expected by random variation. This ratio is a function of the confi_de;nce level
selected, the nurhber of variances in the group and the safnple size for each
variance.

For the siopes of the plots the ratio is 0. 1375 compared to the tabu-

can be considere-d equal, arn” :n average value of 1.437 of the variance
determines the most probable vaiue of the slope as 1.20.
The variance of the points about the iine is obtained as a step in the

method of least squares, and indicates the spread of points about the line.

can also be considered equal with a value of 0. 391.

These results verify that one slope and one prediction interval can
be used for all plots. The fatigue life curves for any two portions failed will

have a constant ratio of lives. A similar test of the starisrics of the polyimide

can each be considered common with values of 1.22 and 0.446 respectively.

IR
N .
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The distributions of the two materials are very close to each other.

The 'ra.w data po:’.nt; are plotted aioﬁg with the estabiished fatigue life
(l:urve;. tﬁe scatter plo;'f showﬁ in. Figure 5 demonstrates Ihe‘ 'wide divefgepce
between the lives obtained and the siress ratios caiculated by our original.
method. (Pg. 27\ . his discrépéfncy was very discoﬁcerting,‘ An examination
of~the test conditions of'the 1.'uns which were Véry sh_orfior very long lived
showed that the serpentine threading patternv Awa's shérte% li\'ed than expected,
at low stress ratios, and the outside 1hreadingv patiern ionger lived than ex-
pected, at high stress ratios.  This clue indicated.t‘hat én improved fit might
result from th'e use of a different \alue.of the modulus of elastiéity. This{ was
tried for several value"s of the tensile modulus al;x.d only slight improvement
of the fi‘i" was noted. This approac-h seemed to be a dead enc. V;;.riods otﬁer
approaches.were tried without resuit. In (_—:ach case, a correlation plot was
made betweeh»some calculated vaiue and the corresponding; value deterrﬁined

empirically. )
‘It was finally dete;‘mihed that the appareﬁt stress ;gﬁo (apparent is
“used in the Asense of observed) was. the p?—:?tinent vaiue to bé used in'the corre-
lation plots. 'The apparent stress ratio for éach ruﬂ was determined by find-
ing the 1ife'for median sufvival (50670 survival) at the lower limit of ’Fhe pre-
dic,tion interval (from the Wei‘bull plot for each run).._ Usirg this 1ife value
(cycles of stress), we find tﬁe ';f"alue of the corresponding stress ratio on the
establgshed fatigue curve. ?‘hi.s is the 'japparent stress ratio. The apparent

endurance limit stress range for each run was then calculated by dividing the

stress range for that run by the apparent stress ratio. Since the stress ratio

S wony
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is the fatio of thé s't.ress range to the endﬁrance limit stress range a simple
inversion be.xplains this step.
These apparent endurancé limits were then plotted agamst the mean
" stress for eaph run. This plot showed two groupin.g:.& Each group lay alo’ug a
,- liné and the Iwé 'linés wére paral]él to eaéh éthern At thls time a suggest*on
was found in Reference 9, Page 322, th?t the endurance limit might Abe corre-
Jated with the mlmmum stress ir; the cvcle rather than the mean stress. This
was found to be trué and each of the groupings was found to iie closer about _
its average line. MIf you refer to Figure 10 ana shift each of the'éircles about
five inches to the right you will see the appearance 01 the piot at this stage.

All the outside threading runs lay in one group and all the serpentine threading

runs lay in the other group.

It would have been péssib]éfo set up two endurance limﬁ stress range
curves, one for each t‘hrieading_ palterh', 'Tl;;is would have been clumsy and
uﬁsafisfying,. Some universally applbicablbe method would be easier to use
énd would be used with more assurance. Aftér some ae]ibefation it was
realized that both sides of a belt with a serpentine threading pattern (all the
test spindles were or;e diameter in any one test) \;\reni through the same stress -

.cycle but that the stres; cycle was appreciably different on both sides of a
belt with the o>utside 1:hrea-1ding pattérn; The inside surface of the belt com-
presses whe?n i‘unnirig on a pulley while the outside stretches. This changes
the minimum st'res; in the cy;le,, | The apparent endurance limit stress

ranges were recalculated and replottved based on the stress cycle of the

inside of the belt and using the originai value of the tensile modulus of
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elasticity. This brought the two groups together as shown in Figure 10,

Thé effect of differént values» of the tensile modﬁlus was found to be
a shift Qf all the points aloné the directiqﬂ of the trend_liné, This. indicates
‘that an exact value of thé ténsile _rnodtlllusrof elasticity is.not neéeésﬁry for
an 'accu‘r‘ate caicula;tion of striss ratio. The samé value used.in calculating
»the stress .ranges for the_ curve ln‘ust be used to enter the curve, but the onl-y
L : ‘

requirement is consistency. The curve for polyesrer film is based on a value

of 750, 000 péi for the tensile modulus.

A curve is drawn throughv the lowest ofi the points in the above plot
and through the ultimate srrengt.h at a zero stress r'angeb to 'represen’c the
relationshii: between the endugance limit stress range and the minimum stress.
As a check for accuracy, the stress ratios of éli the test rﬁns were then
' recalculated using the new endurance limit siress range curve and using the
new method. All thé test points were replott'ed. as shown in Figuré 6, It

will be seen that only four test points fall below the curve.

" The fatigue curve was not changed. but it is now required that the
curve rep‘resent‘ the median failure rate with a 95% confidence level. In
other words; 95% of the time at least one-half of a sample will survive

at least as long as shown by the fatigue curve. Figure 6.
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In ré_trospect, the resulting technique is:

#1.  Assume the validity of existing fatigue life »cur've
(shape and position]). '

#2. Define this curve to be that for a particulaf percentage
failed, at a particular confidence level. (Here _50%

failed, 95% confidence Ievel)a

#3.  Make test runs to determine the actual life at confidence
level and percentage failed from Weibull Plot.

#4. Determine the Apparent Stress Ratio from Nos. 1, 2, and

#5,  Calculate Apparent Endurance Limit Stress Range
from #3 and known stress range.

#6. Construct a plot of #5 vs. minimum stress in the
stress cycle.

After the median failure level curve has been established, the curves
for other sur\fi\*‘al levels can be determined. It was previously shown that
the slopes of all the cumulatve faa;lufe plots could be consi’dered equal and
that the varianégs of the sample points about the bes;( fit lines could also be
considered equal. This implies 1ha1Athe fatigue curves for twb survival levels
‘willv show a constant ratio at all st‘ress ratios in ﬁhe rangé tested. It is then
possiblé to construct a Weibull P]o.t with the average slope and the average
ipredic:tic_)n interval and from this plot ;fneasdre the ratio .of lives between any
two survival rates. This has been done for failure levels of 10% and 20%
(really' éarﬁple sizes of 10 and 5) at the 95% cbnﬁdence level and also for
the vmost probable value (50%.c0n.ﬁdence>) of the median failufe level.i ‘These
curves can be scen in Figure .].6. The solid curves are for a 95% confidence

level for the sample sizes shown on the curve and the dashed curve (50%

confidence level) can be used to predict median (1 out of 2) time to failure.

"
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The data from Phase C, for polyimide film belts, was treated in the

same way as above. The resultant scatter plot is shown in F1gure 7 and the

endurance limit stress range curve is shown in Figure 12. Use 590, 000 psi

for the tenéile modulus for this Cufxfe, One obvious fact that appears is that
the eﬁdurance limit curve is 35% higher than for pblyesrer film -belts .in the
range tes;ced, This higher endurance ;1Ailn'1it' aﬁd the lower tensile modulus of
elasticity should résul»t in an increase in h'fg éf five times or more upon a

direct substitution..

It was shown earl.ier that the Weibu}] slope and sampiing variability
for ;polyirnide and polyestef fiim belts were equal. The same set of fatigue
curves can then be used for bpth materials., It is only necessary to use the
endurance limit stress range curve for the ﬁjate rial beiné used. The polvimide
film used in this phase of the test program was contributed by E. I. du Pont

de Nemours and Company, Inc.

. The computations involved in an analysis of variance for the fractional

factorial design are very simple and straightforward: but also very laborious.

They are completely covered in various standard references, such as
Reference 8. In this study the computatioﬁwas done by a standard computer
program and the computer results are summarized in Table 3. The end

result of the analysis is a series of variance ratios which compare the vari-

ability caused by a change in level of the variable or interaction between

variables being-considered and the random variability of the test data. This

ratio is then compared to the value of a function known as the F-distribution.

}\""I(“{‘ ,f“‘x..,\, .
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The F-distribution is the maximum value the ratio could have, at a given
confidence level, due to sampling variability. If the F value is exceeded

the variable is said to have a (statistically) significant effect.

These comparisons are shown in Table 4 for the effects found to be
significant, It should.be noted that the value of the F-distribution is-a function
of the confidence level and the degrees of freedom (roughly sample size) of.

the numerator and denominator of the ratio under comparison.

In summary, the results of Phase A produced a few critical elements
which must be clearly emphasized. In temporal order they are:

1. All Weibull slopes and prediction intervals are shown approxi-
mately equal. '

2. Accept the established Fatigue Life curve, but oniy at 50%
Failure, 95% confidence level. -

3. Use of Fatigue Life curve and actual test life Weibull plots
to produce Apparent Endurance Limit Stress Range values.
(This instead of the original method of Page 26).

4, Establishment of minimum stress rather than mean stress
as the reference (bias) for plotting these Apparent Endurance

Limit Stress Range values to produce the curve for new pre-
dictions. '

5. Change of the belt reference layer from that at the outside
of the bend at the pulley to that layer at the inside. '

The results of Phase C are consistent with the techniques of Phase
A and are interpreted in the Conclusions and Results section, as are the

results of Phase A é.nd B.
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GLOSSARY OF TERMS FROM THIS REPORT

To facilitate use, the words are listed in alphabetical order and referenced

to a numerical sequence in logical order.

Average
Belt Length
Bending.' Stress
P;ias
Confidence Band
.Confidence Level
-Correlation Plot
C:umuliative Failure Plot
Distribution Function
Endurance Limit Stress Range
Factorial Testing
Factorial Design
Failure Le-vel, Féiluré Rate
Fatigue Curve |
I‘*"a‘tigu‘e Féilure‘

Fatigue Life
fatigué L.oa.dir.lg
F-distribution
Fractional Factoria.tl Design
Loading Pattern

.. Mgan |

N S L Sy P

19
_15
_4
12
27
26

32

28

25

13

33

34

30
11

8

10
9
36

35

19

Mean Stress , 3
Median 20
Mode | 21
Pépulation : | 17
| Pértion Failed . 29
Prediction Intervai- . 27

Prébability of Survival .- 31
Sample . ' | - 18
- Se rpentineA ‘ ’ | : 16
Standard Deviation 23
" Strain (Unit Strain) 6
‘St-ress o ) . A. 1
.St.réss Cycle_ | o : 5
Stress Range ' o 2
Stress Ratio - _1;1

Te'ﬁsile‘ (Ypung‘s) Modulus o 7
.'Var‘iance » N " o 22
“Variaﬁce Ratio ‘ o - 24
Weibull Plot \ 25

Probability Distribution Function 25

Survival Level, Survival Rate - 31
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The fo-lléwing glossary défin.es briefly various tefms from the Mecl.lanicsi

of. Materials and sta£istica¥ fields which m;y not be familiar té manyv_o‘f the

people for whom this repbvort. is written, T‘hese'defir;iti.()ns are slanted to the

‘usé in this rei)ort and are -n-ot éomplete, For complete definitions and under-"

‘standing of the tefms and the i'x-nplications in their use, refer to any standard

textbook in these fields.

1. Stresé - The totél load norrﬁal to a cross se.ction divided by

_the cross sectionai area. This applies to tensile and
‘compressive stress and the area may be a differential

area if the stress varies..

2. Stress Range - The largest algebraic difference between the values
of the stress at a point if the stress varies with time.

3. Mean Stress - Here is considered the algebraic average of the
largest and smallest values of stress at a pomt
if the stress varies with time. '

4. Bending Stress - " The stress induced in the belt as it changes direc-
tion. Thec outside layer is extended and the inside

. layer is compressed.,

5. Stress Cycle - The repeated pattern of stresses experienced by a
(loading pattern) point. May be repeated one or more times in one
' belt revolution.

6. Unit Strain - The change in length per unit length; the total change
in length divided by the original length.

7. Tensile Modulus of Elasticity, or Young's Modulus of Elasticity -
' The ratio of stress to unit strain; also the slope of
a stress-unit strain curve. '

8. [Fatigue Faillure - A failure which results from the repeated applica-
tion of varying stress which is lower than the
yield strength of the material.

9. Fatigue loading - A pattern of stress variation which results in a
fatigue failure.

:_g,"i{ 3 '.j { }/ l\- § '
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10,
11,

12,

13.

14,

15.

16,

17.

18,

o . \
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Fatigue Life -

Fatigue Curve -

Bias -

Endurance Limit Stress Range - That stress range which results in

* The number of applications of (cycles of) a fatigue

levels of a stress pattern. The fatigue life is usually

loading cycle which a material undergoes before
failure. ' - :

A plot of the fatigue lives as a function of different
plotted on the abscissa with a logarithmic scale.

Any chosen measure of the siress cycle (loading
patic.n) usrzd as a reference. Frequently, the mean
stress is considered the bias, but results of this
report indicate the algebraic minimum stress to be
the valid reference. '

>St::’ess Ratio -

Belt Length -

Se rEentine -

PoEulation -

Sample -

A finite sized group selecied at random from the

an expected fatigue life of 10’ cycles at a particular
bias level. The Endurance Limit Stress Range is_
considered to be determined by the bias. (The 10
cycles value has been determined by experience to
be a threshold value. beyond which fatigue failures
become insignificant for some materials). Fully
reversed or unidirectional stress ranges are easily
obtained with existing fatigue testing machines.

A coined term which has been introduced in this
report. The ratio of a stress range with a given bias
to the erdurance limnit stress range with the same
bias. '

Circumference of the belt under a stated load.

A belt loading pattern resulting when the belt path
includes a reverse bend. (The outside belt layer at
one bend becomes the inside layer at another).

The infinitely large group of items which can be
considered to have some characteristic in common.
The identification of the common characteristic is
dependent upon the use intended. This might be all
males between 18 and 45 years of age, or all 1/16
inch diameter bearing balls, or the grades in
Freshman English, etc.

population.

\
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19.

20.

21.

22,

23.

24.

Mean -

_ '(Average)

Median -

Mode -

“Variance -

The arithmetic average of the values of the variable.
- The term may apply to the population or to a sample

from the population. As the sample size increases
the sample mean approaches the populatlon mean
as a limit.

The value of the variable which divides all the values
of the variable exactly in half. The probability is
exactly one half that an individual value of the variable
will be higher than or lower than the median. The
term may apply to the population or to a sample

from the population. As the sample size increases
the sample median approaches the popula’uon mechan
as a limit,

The most frequently occurring value of the variable.
It is possible for two or more modes to exist, but
this is usually the result of mixing that number of
populations.

Note: For populations with symmetrical density
functions. the mean; median and mode coincide.

A measure of variability. The arithmetic average
of the squares of the deviations of the values of the
variable from a particular value of the variable.
The ~ariance is normally calculated from the mean
of the variable. When the variance is calculated
from the mean it has the smgllest possible value.

Standard Deviation - A measure of variability. The sqﬁare root

of the variance.

Note: The above definitions are exact for populations.
If computed for a sample, the sum of squares
is divided by one less than the sample size to
obtain a better estimate of the population
parameters. '

Varlance Ratio - A comparison of the xar1ab111tles of two or more

V.

ST e R
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samples. This is usually to determine whether two
or more samples can be considered to come from

the same population. Here we use larger variance

- smaller variance
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‘25, Probability Distribution Function - The mathematical description
(Weibull plot) v of the probability that a value X or some
' . lesser value will occur in a test. May.
o be shown as a graph, where the ordinate
Y is the probabiiity that some value less
than ur equal to the corresponding
. abscissa X will result from a particular
test,

wl

The difference between any two ordinates
is the probability that the test result will
lie between the two corresponding abscissa
The distribution function is zero at minus
infinity and unity at plus infinity, and
changes sumewhere in between, Ina
Normai Distribution the ordinate in-
creases smoothly and continuously from
minus infinity to plus infinity with
asymptotes at zero and one. Ina Weibull
distribution the ordinate is zero for all
negative vaiues of the variable and rises
smoothly and continuously to an asymptote
at one, but need not be asymptotic at zero,

26. Confidence Level - The minimum portion or percentage of
the times thar the statement made will be '
correct., This is also the probablhty
that ithe siatement is correct, {Here 95%

" of the time the belt will live at least as.
long as predicted).

27, Confidence Band - A range of values which is expected {with
(Prediction i_nterval) a stated probability) to include the test
' ' value. (Here there is 90% probablhty
‘that belt life figures will lie inside the
band on each Weibull Plot).

28, Cumulative Failure Plot - The Weibull Distribution used in failure
experiments where life is plotted against
relative number of failures.

T
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29.

30.

31,

32.

33.

34.

35,

36,

Portion Failed -

Failure Level~-
or Faijlure Rate

Survital Tevei -

or Survival Rate

(Probability of
Survival)

Correlafi on Plot -

Factorial Testing

Factorial Design -

R

" The relative number of failures (e.g., 1 out of 5).

This figure may be modified to satisfy statistical
limits. ' ’

The number of failures ‘divided by the sample

- size.

The number of items which have not yet failed
divided by the sampie size. The failure level
and the survival level add to one., Bothof
these terms are applied to a given degree or
time of exposure at a given level of stress.

A graph of 2 values to determine the relationship

between them.

Method of testing a function of several variables
for the effect of each: without testing the
variables separately,

The actual combinations of conditions in a

" Factorial Test,

Fractional Factorial Design - A more economical but less informa-~

F-Distribution --

AR ST T W RV
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{ive set of combinations than a full Factorial

Design. A selected set from a Factorial Design.

A mathematical description of the maximum
values expectec for a variance ratio if the
effecis were due to random sampling variation
alone, It is a function.of sample sizes and

desired confidence level in the test.

3
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25. Probability Distribution Function - The mathematical description
(Weibull plot) of the probability that a value X or some .
Jesser value will occur in a test. May.
be shown as a graph, where the ordinate
Y is the probabiiity that some value less

~«

than or equal to the corresponding
abscissa X will result from a particular
test.

The difference between any two ordinates
is the probability that the test result will
lie between the two corresponding abscissa
The distribution function is zero at minus
infinity and unity at plus infinity, and
changes somewhere in between. Ina
Normai Distribution the ordinate in-
creases smoothly and continuously from
minus infinity to plus infinity with
asymptotes at zero and one, Ina Weibull
distribution the ordinate is zero for all
negative vaiues of the variable and rises
smoothly and continuously to an asymptote
at one, ‘but need not be asymptotic at zero.

26, Confidence Level - The minimum portion or percentage of
the times thar the statement made will be '
correct. This is also the probability
ihat ihe statement is correct. (Here 95%
of the time the belt will live at least as.
long as predicted).

27, Confidence Band - A range of values which is expected (with
(Prediction interval) a stated probability) to include the test
' ' value. (Here there is 90% probability
that belt life figures will lie inside the
band on each Weibull Plot).

28. Cumulative Failure Plot - The Weibull Distribution used in failure
experiments where life is plotted against
relative number of failures.

,. ‘ Lo b . N P 7 ;
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29. Portion Failed - The relative number of failures (e.g., 1 out of 5).
' ' This figure may be modified to satlsfy statistical
limits.
30, Failure Level- The number of fajlures ‘divided by the sample
or Failure Rate - size.
31, Survital! Tevel - The number of items which have not yet failed
or Survival Rate divided by the sampile size. The failure level
and the survival level add to one, Bothof
(Probability of these terms are applied to a given degree or
Survival) time of exposure at a given level of stress.
32, Correlation Plot - A graph of 2 values to determine the relationship

between them.

33, Factorial Testing - Method of testirg a function of several variables
for the effect of each. without testing the
variables separately.

34. Factorial Design - The actual combinations of conditions in a
" Factorial Test, '

35.  Fractional Factorial Design - A more economical but less informa-
live set of combinations than a full Factorial
Design. A selected set from a Factorial Design.

36. F-Distribution -- A mathematical description of the maximum
values expectlec for a variance ratio if the

effects were due to random sampling variation
alone. It is a ‘unction of sample sizes and
desired confidence level in the test.
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FATIGUE LIFE TEST DATA SHEET

Test No _ : - Belt made date
Test Combination No; o Material

DESIGN - - FABRICATION'

‘Heat Treat Temperature

Material Thickness

Elongation’

L/W Ratio

"~ Stress Method : ) Constar _ Constant

Heat Treat Time

Belt Width -

TEST

Operating Temperature

Stress Ratio

._ Cycle Rate » : ; . CPM

'Iést Spindle Diameter - - e

Motor Pulley Diameter y r.om ‘ actual

| Threading Pattern

Belt Length at 1 1b,’

Load on Pulley

‘Belt Angle Loaded

Test Started Date | ’ Time Meter Reading ' MIN

Tést Ended Date - ' Time Meter Readin ' MIN

Length of Run I - ‘ MIN

Belt Life : - ) - -~ Stress Cycle

FIGURE 5
' Page 54
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APPENDIX A

SUMMARY OF TEST CO’\:DITIOT\TS AND RESULTS

TABLEI

Thickness,

o

E - P01vester materlal

PASADENA AVE.

. 187" wide

. Ty
B ,.‘L

R T

Belt Paths

PASADENA C%LUTNMHA

1- Polyimide material,
Test Puliey - belt thickness, pul‘ev dlameters (mches)
CPM - cycles of stress per minute :
* - Test stopped after 108 cycies, no faﬂure
Al be‘ts were 22. 1" long,

Outside Threading Serpentlne A
Material E E E E E E E E
Thickness . 0005 .0005 .0005 . 001 . 001 ,001 ,001 . 001
Test Pulley .,100 .100 .100 200  .200 .200 .200 . 100
Installed 2,250 3,000 4,375 . 2,250 3,000 4,375 3,700 5, 500
stress : o .
Rate CPM 1,940 1,940 1,940 1,940 1,940 1,940 3,880 3,880 |
Threading Serp Serp Serp Serp Serp Serp Out Out
Life in 6.45 6.65 4.91 2.69° 1.94 3.49 49.9 56.6
10° cycles 20.8 8.0z 11.0 5.75 5,58 22.4 ° 218 292
5 tests 32.6  10.7 11.3 18,0 9.00 100 306 420
51.5 21.2 45.4 126 30.0 103 813 439
354 82.5 % 217 66.5 128 % 443
Material E E E E E E E E
Thickness . 001 .002 .002 .002 .002 .002 .Q02 . 002
Test Pulley .100 .250 .250 .250  .200 .200 .200 .100
Installed 6,875 2,400 3,100 . 4,000 3,700 5,500 6,875 1,500
stress " _ ' » '
Rate CPM 1,940 3,880 3,880 3,880 3,880 3,880 1,940 3,880
Threading Serp Out Out Out  Out Out Serp Out
Life in 4.45 6.03 159 430 226 36,0 3.48 463
10° cycles 6.72 % 282 485 241  44.5 3.56 962
5 tests 7.70 478 788 798 97.9 ~3.88 970
, 3’:-52 R T S S - B P S

.Page 55




TABLE 1 (Continued)

Material ~ E E E E . E E E E

Thickness  .003 .003 .003 .003  .003 ,003 003 . 005
Test Puliey .375 .375 .375  .300 .300 ,200 .200  .500
}Installed 2,400 3,100 4,000 3,700 5,500 3,625 4,050 3,700

Stress . ,

Rate CPM = 3,880 3,880 3,880 3,880 3,880 3,880 1,940 3,880

Threading Out Out Out Out Out = Out Serp Out

A Life in 115 1,010 178 447 44,7 25.5 1.11 37.2
10° cycles 724  * 213 702 76.1 55.7 1.49. 69.5

5 tests L 361 139 77.2  1.77 236

- o 382 ®* 255 . 99,0 2,09 350

% % Tk R 350 749 2.74 *
I Material - E E E I I B | I I

Thickness .005 ,005 ,005 . 001 . 001 . 001 . Q01 .010
Test Pulley ,500 .500 .250 .200 ..100 ,100 .,100 1.878

Installed 5,500 7,200 1,500 4,375 3,700 3,050 6,875 3,000
Stress ' - ' ‘
Rate CPM 3,880 3,880 3,880 1,940 3,880 1,940 1,940 = 984
Threading Out Out Out Serp Out Serp Serp - Serp
Life in 26.7 32.8 15,9 7.27 264 . 9.02 5,55 592
10° cycles 32.0 60.0 26.1 7.30 338 - 25.6 9.05 *
5 tests 40.6 63.0 222 130 435 30.6 40.0 *
42,1 79.6 338 . 144 480 94.6 46,1 5

83.7 87.1 416 214 850  95.5 69.0 %

et

A
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FIGURE i0

. MYLAR BELT STUDY REGRESS!ON ANALYSIS WORKSHEET FOR SAWPLE OF 5

BAT 'L g MYLAR THICKNESS 3 3 mit, INSTALLED £25 pst LAv:_120:1 ELONGATION: 115
R ¥ xy
%o - _0403 - 0,00000 ogoogg_ 0.0000
Toll ial5  1.232) 1,2225 12765
213 1.6: L.5369 2.6569 - 34719
2,50  _l.9g 6.7600 3.9621 - 5.17k0
3,30 L9t 10,8900 2L, 108} 16,2070
Y. 9.k 9,71 23.44190 32,0575 26,125
AVY 18280 1,942 L.68%380 . .

| 2 2. | - | |
Y =%)=Tx - () /= 231900 - 87.5695/5 = 6.71102

-2 ¢ '
) Ziv; =Y ?3 ZY}a - (z Yi) 2/11 = z Y§2 - 9,284 /5
| | = 32,0575 . 18,85682 = Qgeooés
Ty =x)ly; -¥)=Yx vy - (Tx) (T )/, = % v = (Ty;) x 1.8260

.=Zx y‘- 3.79 x|,82,8q'

= 25, :2%14 - i,'zm%a = 8.37552
Stope = b = § (% - %) (yzi;° "o 037912 L 1.2leo
T o(x - %) Stz 7 e
iu&zrcep? = ad = ; - bx = )7 - t;?L;BO x - 1.828
o _ o2 - 2,28 _ - _0.339
cﬁndte of y = y= a+ bx = ‘00553 + _1.2h80  x : '
2 ' | .
sy,x__:(s/(n«:)) (zy;- ():y; a-bz(x~_ vy =9
- (1/3) ( - - 12480 " x  8.,37552 )
S (- i3,20088 - 105208 )/5 = 2.7L8031 /3
- | = 0,91601
SY: x = 0957' .
90% CONFIDENCE BAND ON y = y+ txo(sy_ )  95% Confldence Band
% faited at x° txo txo(sy'. x) o slope:
80 2.847 2,725 - = b + 1.228S
50 24579 268 ‘ -7 v/x
20 2,920 2, = b+ 14228 x 9571
A “
(%9 v = b + 'o'75
1 » 6,054 5 9%_ - Pace (
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' APPENDIX B

- TABLE 2

SUMMARY OF TEST CONDITIO‘\TS AND RESULTS FOR
FRACTIONAL FACTORIAL TEST -

Heat treat temperature a 275 F. A 325 F,
Material thickness b ,001" - B ,005" .
Elongation c 35% C 90% All belts
Length to width ratio d 70:1 D 43:1 were
- Heat treat time e 1/2 hour E 2 hours 22.1'" long
Operating temperature - f Room F 200F,
Stress ratio ’ g 1,88 G 2,50
Cycle Rate .CPM “h 1,270 H 3,810
Tect Conditions Life in'lO5 Cycles of stress-
AbcDEfgh ' 241
abcdEFgh ' - 38,2
AbCdefgh | 413
abCDeFgh - 19,4
- aBcDefgh _ S 6.38
ABcdeFgh o 192 .
aBCdEfgh : 18,0
ABCDEFgh : 13,9
. abcdefGh o o 847
Abc DeFGh ' 12,2
abCDEfGh ‘ 16,5
AbCAEFGh _ e 163
ABCdE{Gh S . 71,5
aBcDEF Gh ' 18,2
ABCDefGh : - 7,57
aBCdeFGh ' 160
abcdefgH S 443
AbcDeFgH o ‘ - 229.
abCDEfgH o - 350
AbCdEFgH , 50,7
. ABcdEfgH E S 90,5
aBcDEFgH ‘ S 22.4
ABCDefgH . 18,2
aBCdeFgH ' - 219
AbcDEfGH - 90,2
abcdEFGH 123
AbCdefGH ‘ Co 46,6
-"abCDeFGH - 6.91
aBcDefGH _ 25,8 .
ABcdeFGH - © 10,6
aBCdEfGH - 7.95
ABCDEFGH ... 08,0

. ‘ Ve e [
SRR BTN B SPast A S Lo v
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R, C579%
TABLE 3
SUMMARY OF ANALYSIS OF VARIANCE OF FRACTIONAL FACTORIAL
. TEST
: ’ _ Varlance ' F-—Value
Variable - ‘Ratio D.F, 90% 95% . - 99% Sig,
A, Heat Treat Temperature 002053 1/30 2.88 4,17 7.56
B, Material Thickness : - 5,0391% ' : o ‘~
C. Elongation : - .0,7964
D. L/W Ratio © . 5,6508%
E. Heat Treat Time - . 0,0107

¥, Operating Temperature ~  0,2379
G. Stress Ratio : 1,4287 : :
H, Cycling Rate "~ 0.0589 ' o : o
Interaction _ ’ .

- AB. y 1,6553 3/28 2,29 2,95 4,57
AC | - - 0.3156 ' '
AD ) ' | 2.1315
AE | | 0.5283
AF L 0,1400
AG N 0.6510
AH ‘ . 0.2205
"BC ) , ' : 2,1934
BD | . 4.0453%

BE 1,5986
BF . 4.3523%
BG - : ' 2.3551+
BH _ R 1,5934
CD _ T 2.1101
CE , A 0.2524
CF | | . 0.,8132

CG _ . 0,7302
CH | : o 10,2695
DE T 4,4980%

DF : S 11,8905

- DG 2.4469+
DH . 3,3000%

EF _ . - 0,0779

"EG . . 0,7011
EH ' : 0.1163
FG - ' : 0.5605
FH B - 0.0929 D : e
GH : g 1,1327 . A

*Clearly significant
+ Probably significant

29 so PASADENA AVE PASADENA CALIFORN/A R Page 65
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TABLE 4 -

SUMMARY OF SAMPLE MEANS AND PERCENTAGE CHANGES OF

SIGNIFICANT VARIABLE AND TWO FACTOR INTERACTIONS

..

For two factor Interactions,

Singlé Variable

Mate»rial thickness

001"
Cycles of stress 10,38 x 10
" Percent 100%
Length to width ratio: 70:1 6
Cycles of stress 10,5 x 10
Percent 100%
Stress Rétio:' » 1,88
Cycles of Stress 9.39x 10 -
Percent 100%

For single variable each mean has a sample size of 16

each mean has a sample size of 8

.0oo5n
6.57x 10
-37% .

6

40:1

6.49 x 10

538(70

2.50 6
7.26 x 10
-221/2%

S AT st Bz
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TABLE 4 (continued)
. Two Factor Interactions
L/W Thickness " Thickness
,001 M .005"
70:1_» 13;14)_( 1'_05. 8.39x 10
’ 100% =36%
. - 5 5
40:1 8.19x 10 5.14x 10
-37 1/2% -61%
. Operatiﬁg Temp: Thickness Thickness
: | .00l ,005
S 5 5
Room 14,10x 10 _5°4ZX 10
- ; 100% 5 -61%
200 F, 7.69x 10 7.96 x 10
-45% -439%
Stress Ratio: . Thickness Thickness
.ool - ,005"
o 5 5
1,88 12,6 x 10 . 6.99% 10
| 100% 44 1/2%
2.5 8.54 x 105 6.18 x 105
-32% ~51%
Heat Treat Time ;.L/W --70:1 L/W--40:1
1/2 13.6 x 10° 5.14 x 10°
100% 5 -62% )
2 8.12 x 10 8,21 x 10
-40% -39 1/2%
Stress Ratio L/W--70:1 L/W--40:1
1,88 11,5x>105 7.66 x lO5
100% =33 l/Z”/g
2.5 9,58 x 10 5.50x 10
’ —17‘70 -52(70
Cycling rate ‘1/w--70:15- L/W--40:1
1,270 12,4 x 10 5.22x 10
100% *-549%
3,810 8 20){10 8.08x 10
2 1/2%# 130%
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APPENDIX C

Procedure for Calculating Fatigue Life of Drive Belts -

The procedure to be followed for a simple two pulley system'will be
giveh and 'Zl?,ustr_ated first, The added considerations for multiple pulley and

serpentine belt arrangements will then be discussed and illustrated,

.~

1, ~ Enter the appliqati.on of thevgiven design in thé box on the.fron-t of
the wark sheet, Figure 1k3 (Pg. 74)A

2, On the Ba;:k of the worAk‘sheet, Figure 14 (Pgo 75) calculate tl;xe
changes in stres.;; due to the torque transmitted and the bending a{: the
| smallest pulley,

3. To determine thg maximum and minimum vai{:es of the stress on the
inner side (the side in contact with the pulleys}) these sfcre.sses are
combined with the in<talied stresé in thé appropri.éte blocks on
'Figo 1;1 (Outside pattern Méx Stress; Minimur.n Stress)c‘ A tensile

stress is positive, - compressive stress negative, and the algebraic

to the front of the worksheet,

4, .On the {ront of the work sheet, calculate the number of belt revolutions
per hour,
5, ~ Calculate the stress range (the algebraié; difference between the

maximum and minimum stress),

values are used. The maximum and minimum stresses are transferred

ENA AVE, PASADENA, CALIFORNIA . Page 68
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6. ° Refer to Figure 15 or 16 (Pg, 76, 77), the curves of the endux_'ance
- limit stress range and read the endurance limit stress range for the
minimum stress (Smin) in the stress cycle, Be careful to use
Figure 15 for -polyester ma’terial, and Figure 16 for pblyri.mide;
observe carefully the sign of Smin when entering either,
- 7. The stress range, found in (5) above, is divided by this value of the
>endurance limit stress range to determine the stress ratio.
8. The fatigue life is then found by entering the fatigue life curve,
Figure 17, with the stress ratio and reading the life from the
appropriate curve,
Note: The choice of which curve to use is determlned by the
reliability desired, 95%, 1 of 2 will provide 50%
reliability with 95% confidence (95 times out of 100
neither of 2 belts will fail until after this many cycles),
1 of 5 will provide 80% reliability at 95% confidence, etc,

Most probable 1 of 2 is 50% reliability at 50% confldence
This latter is equivalent to the MTTF,

Once the lifé in cycles is determined it remains to ‘discover the number
cycles in one belt revolution, in order to convert from stress cycles life to

hours,

9. Choose any point on the inside of the belt, trace tﬁe changes in
stress exper1enced by this point as it moves through the belt path
back to the startmg pomt ;

llO. How mar_1y times difi the point experience approxifnately (80% is a
good cfllividing line) the full stréss rapge, Sn'max_t.o Smin ? Minor

- excursions of the stress compared to the calculated stress range do

PELINER By (5-79%
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not count, This wholé nﬁmber of times is 'fhe number of sfress
;j[cle~s“:13‘e‘1' révolution.-

11, v Di';ride lifé in éfress cycles:by étress cycleé per belt fevolution to
gef life in belt 'revélution%,omit tlixis. step if thgre 1s one stress »
cycie per belt revolution, |

12, . Div-ide ‘;)e].t lifé in re\/;olutif).xls by belt revolutions per hour to.get

life in hours,

In the two pulley, s‘peed changing case ’(one large, one sr%xali pulley) '
the belt eﬁdurés one stress cycle during each revolution of the rbelt so the
belt life in revolutions is equal to the.number of stress cycleso- This value is
divided by the belt revolutions per hour to gét the prediction of 1ife‘in hours,
The proper interp.refax'tion of this value is that at least 95% of the ti_me alllof
the 1ot.of the size specified on the curve will survive at 1éast as long as
ind.icate.d, The. median tin.'ac,.?to-failure 1s obtaiﬁed byA using ﬁhe dashed curve
which is 1,ab'eléd 'most p-robable value!, Figures Zd and 21 s‘ho-vc./ a worked-out

sample of this type,

In the example.cove'red above the be.nding étrésé at the sec'ond i)ulleyl
was ap'preciably- ieé‘s tﬁan tha;c at fhe driver and-vs}as not counted, If the
second pulley we.ré equal in size or only slightly iarger than the driver, the
belt would go th‘rough two qomplete stress cycles be’fo>re retui‘ning .to the'
sfa-rfing i:oint, - With three equal sized pulleys it‘ wéuld be three stressh
cyclés per revolution, etc, In 'any case, the life in stress cycles is divided

by the number of stress cycles per belt revolution to get the life in belt

E%L 2950, PASADE A AVE PASADENA CAL/FORN/A B v Page 70
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P 5= 79%

're_volutionso A good dividing point is 80%; if the second stress range exceeds
80% of the greatest stress range, count both, All the above applies when the

belt bends in one direction only,

In the serpentine arrangement where the‘belt undergoes a bending
reversal if is necessary to determine which side of the belt w111 have a
shorter life, In this arrangement the stress range will be the same on both
belt s.ides; however, the S and‘ S . willin general be different on each

: . max min , :
s’ide‘, Since the Endurance Limit Stress Range decreases as Smin increases,
the side with the larger algebraic (-1000 psi is larger than -2000 psi) value
of S . will determine the shortest lived side of the belt (and therefore the

min - ‘

1life of the belt itself), To discover which side has the larger s;nin,
cons‘i.derthat Smin is produced by compression at a pulley‘° Each 51de of
the belt is in compression contact with a group of pulleys, Of these two
gioups, the dgvroup of pulleys with the smallest diameter will prod_uce the
smal.].est Smino Use the othe‘r side of» the belt for life calculations, I

there is any doubt, make separate calculations for each side and choose the

. worst,

For the serpentine arrangement, enter the belt data in Flgure 13
and again calculate the stresses at the top of Flgure 14, Now use these

stresses to calculate S and S_ . using the serpentine block for S
max min ' ' max,

To find the life in cycles transfer S, and S to Figure 13
o . min r_nax :

and proceed as for outside pattern belts,
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To figure the number of stress cycles per rch.)lution perform the
same point trace as fqr the outside pattern belt, The ‘numbez.' of times the
poiﬁt experieﬂces the full range of'stressés as the point go.és through the belt
path.-ba;clbc to the starting péint_, ié the number 6f cycles per revolﬁtioﬁ; A
double maximuirn or double' minimum with no intervening opposite extreme
value is not counted as‘ a cycle fior the gerpéntine arraﬁgement, Figurés 22

and 23 show a worked out example for a serpentine belt,

In genefal, after the stress ratio has 'béen calculated, the appropriate
value of assured life can be read on Figure 17, The. dashed curve gives the
most -proba-bl.e va1u>e thét the median life will exceed, The three solid curves
give ljvés thai;‘, all of samples of the ilndicaﬁe'd sizes will exceed at least 95% A
of vthe time,., This is pres.ented in the usﬁgl form of fétigue curves, The
specification of reliability requires data which is shown implic.itlir in the set
of curves in Fig, 17, Tﬁis data ha;s; been extracted aﬁd shown explicitly in

Figures 18 and 19, - : - | L ‘

Median Time. to Failure may be.specified as some value thch must |
be 'e>v<cee.ded:. The procédure above predicts the most probable median life
,(fr_o%n the dashed curve), This is eq.u.ivalent' té the mean ‘life in symmetrical
distributions., When the predi;ted median life (.taken from the dash»‘ed éurve

in Fig, 17) exceeds the required life the design is considered adequate,

The life requirement may also be specified by stating a required
probability of survival ("reliability"') for some fixed length of time (which is

determined by the mission), The probability of survival of a given design

..,wg
et
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is then determined and it must equal or exceed the required value.to be sure

of adequate life, This is done by the use of Figs, 18 and 19,

Figure 18 shows the entire life history for various stress ratios,

These curves can be fead directly for various levels of probability of

survival except that the curves interfere with each other at levels above 95%.,

The life (in cycles of stress) at the required probability of survival (or the -
prbbability of survival at the required life) may be read (as desired) and

cornpared to the required value of life (or probability of survival),

Figure 19 expands the upper 110% of the probabilit&_of sui"\fival
scale and normalizes £11§ life scale s‘o a single curve is shown, The median
1ife for the design (the dashéd curve in Fig ,' 17) is divided into the required.
life to obtain the life ratio and the probability of survival is read,
Alterﬁatively, the life ratio can be rcad for the réduiréd‘ probabi}i’cy' of |

survival; the life ratio is then multiplied by the median life to obtain the

most probable life at the specified probability of survival,

It shou'i,a be noted that the ordinate of Figgre"l‘? is an invefted log
scale and the numbering should be read carefully to avoid erroré. Figur_es
18 and 19-are obtained by replotting points from.the' best .fit line Aon é
Weibull P}ot for each étl;ess ratio for Figure 18, Th;ase two Fi_gure.s', .18'and

19, are therefore at the 50% confidence level,

vy : LR SR R SN

R SRR VRS S
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Date

FATIGUE LIFE CALCULATION WORKSHEET

Name Part No.
Belt Length - in, Thickness (t) in, | Width (w) in,
Installed stress S psi| Torque: M = _ Ib.in, oz. in.

(Convert torque to 1b, in, if given in oz. in,)

Minimum Stress S min.

f Required Life:
Driver Diam. Dy in.| Speed RPM .
river Diam in pee . . hrs.
Smailest Pulley Diam. D_ in. Pulley Diam. D in.
Life Controlling)
This data from design or application A( e ‘orvx rolling)
‘Stress Cycles per Belt Rev. =
" Belt Revolutions per Hour = 3'.414 x Dg x RPM x 60
= 188 ( K ) x = Rev/hr.
: ( ) ' : :
Stress Range = S .. -5 . = ( ) - | )= psi

psi

Endurance Li_mit = Sel

Stress Ratio = Stress Range (

psi from Fig. 15 or 16

—

Sel

Life

Belt Life

%o

hours

Probability of Survival for at least

) =
)

tycles of stress from Fig. 17

revolutions of belt ‘

{ Most Probable Value

. ( For lot of at 95% confidence level.

hours of operation

Calculate S max and S min OB reverse side.

Page 74
»«"’j j'
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Heviin B, G g -79%
Change in stress due toitrans'rnittegvi' torque:

Sp =M ( o Y oy
 Pgw O ) RN —

E

i

= 1.5 x -105 for Polyester ) . _ :
L o 5 ' ) USE NO O;THER VALUES
© 5.9 % 10” for Polyimide ) ' : '

Bending stress at SmallestVPulley on Life controlling side:

Sp = E__t . ( x10°) ( ) - psi
' b U ) :

Bending stress at Smallest Pulley in S‘erpentine System (on opposite side of belt):

Ss = E _t . (%107 { ) = . psi
'DS o ) C

Max Stress Outside Patternt  Max Stress Serpentine Pattern:
So’ = 4 - s‘0 =

Plus ST = A : : 2 Plus ST =

Smax - Sub-total =

Plus S '—;
;. s

Minimum Stress All Patterns: . : : Smax =

S, =
" Minus Sq = % Note: Base Calculations on side of

.o . belt which is in contact with
-Sub-total

= pulleys. If both sides contact
_ . pulleys (with reversed bendi
Minus 8y = use the side of the belt which
' . results in the algebraic highe
S, = ' : -
min . » » - Value> gf Smin‘

" Figure 14
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TO CALCULATE STRESS RATIO FOR

POLYESTER OR POLYIMIDE FILM BELTS

TAKE THE ENDURANCE LIMIT STRESS RANGE
FROM THe CURVE FOR THAT MATERIAL

! 1

{4

L

[ 2
01 LV SSTHLS
FIGURE 17

3 L 6 81}

3L 68 |

2 3 L4 6 81 2

3 4 6 81

2

x IO5

2

x 107

106
CYCLES OF STRESS

X

x 1o

[ 4

POLYESTER OR POLYIARIDE FilM BELTS

BELT FATIGUE LIFE
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' FATIGUE LIFE CALCULATION WORKSHEET

b

this application

Name PLAYBACK DRIVE BELT Part No. =~ -t
Belt Length 8. 37 in. Thickness (t) .001 in. | Width (w). 1875 in.
Installed stress S 2,500 psi | Torque: M =_,0214 1b.in. __ -- ____oz.in.
. (Convert torque to 1b, in. if given in oz, in.)
' v : ) Required Life:
DriverDiam. Dy . 1875 in. Speed 4,000 RPM
. . hrs.
Smallest Pulley Diam. D -- in,” Pulley Diam. D. _> in. .
N Life Controlling]
‘This data from design or application (Life g
Stress Cycles per Belt.Rev. = 1
Belt Revolutions per Hour = 314 x Dd x RPM x 60
= 2% (.1875) (4,000 ) . 3.58% _ 1,880 Rev/hr,
( 8.37 ). 32 ‘
Stress Range =S - S min = (3,108 ) - (-2,108 ) = 5,216 psi
‘Minimum Stress Smin. -2,108 : psi
Endurance Limit = § 614 3,250 psi from Fig. 15 or 16
Stress Ratio = tress Range _ (_ 5,216 ) = 160
: S el ( 3,250 ) -
Life = 1.3 x 106 cycles of stress from Fig. 17
Belt Life =1.3 x 100 revolutions of belt _
= 692 hours (Mest-Erobablealue—
_ 2 A ours (Forlotof 2 at 95% confidence level.
% Probability of Survival for at least hours of operation
- Calculate S max 204 S min ©OR reverse As1de |

Duty cycle correction in Figure 20 , Page 81
. (" :



Ponm ¢.5-79% |

.

Change in stress due to transmitted torque:

Sp = M (0214 ) 608 psi
Dy tw (.1875 ) ( .00l ) ( .1875 ) : .
E = 7.5 x 10 for Polyester ) . .
- ‘ ) USE NO OTHER VALUES -
. 3 5 . . . . . .
= 5.9 x 107 for Polyimide )
 Bending stress at Sr.nalleAst Pulley on Life controlling side:
Sp, = E ¢t _ (7.5 x10°%) (.001 ) _ 4,000  psi

D - (.1875 )

Bending stress at Smallest Pulley in Serpentine System (on opposite side of belt):

S = E_t . ( x105( ) _ _ ---  psi
Dg o ( ).
Max Stress Outside Pattern: _ Max Stress Serpentine Pattern:=
S = 2,500 - . So =
Plus ST = 608 . PlusSq =
S max = 3,108 _ : Sub-total =
Plus S =
Minimum Stress All Patterns: » ,b : S . =
: _ _ max
S C_ Z,SQO
Minus ST - - 608 % Note: Base Calculations on side of
' ’ _ belt which is in contact with
.Sub-total = 1,892 ' ~ pulleys. If both sides contact
: - o S - pulleys (with reversed bending)
Minus Sy = 4, 000 . use the side of the belt which
- : results in the algebraic highest
s min T 22108 — . velueolSmin. |
Figure 21 -
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FATIGUE LIFE CALCULATION WORKSHEET

Name =~ SERPENTINE BELT o Part No. ’ --
Belt Length 37.5 in. Thickness (t) .0015 in. Width (w) .375 - in.
Installed stress S,_2, 940 psii  Torque: M = . 156 Ib. in. oz. in.

(Convert torque to 1b. in. if given in oz. in: )

max min

-Figure 22

o . N : . : Required Life:
DriverDiam. Dd . 3125 in. Speed 120 RPM 8,800 - hrs.
Smallest Pulley Diam. D__.3125 in. Pulley Diam. D. . . 625 in.

This data from design or application (Life Coptrolhng)
Stress Cyéles per Belt Rev. = 2
Belt Revolutions per Hour_ = 314 x Dy x RPM x 60
= 188 (.3125) ( 120 ) x = 188 Rev/hr.
: o - {( 37.5 )
- Stress Range = § max = S min = (7:430 ) - ( 4250 ) = 7,180 psi
Minimum Stress S 'min ' 4250 psi
Endurance Limit = S, 2, 500 psi from Fig. 15 or 16 .
Stress Ratio = Stress Range ( 7, 180 ) - 2 g7
' S el ( 2,500 )
Life="_2.0 x 10 5 cycles of stress from Fig. 17
Belt Life = 1.0 x 10° revolutions of belt
"= 532 hours (MestRrebable-Ve - '
_ ( For lot of 2 at 95% confidence level.
% Probablhty of Survival for at least Hours of operation
Calculate S and S | on reverse side



R 65799

Change in stress due to transmitted torque:

Sp = M _ (.156°) _ __ 890  psi
Dd tw (.3125 ) (.0015) (.375) :
E =. 7.5 % 105 for Polyester )

, 5 ) USE NO OTHER VALUES
5.9 x 107 for Polyimide ) - ' :

Bending stress at Smallest Pulley on Life Controllihg Side:
Sp = _E__t (7.5 x 10° '(,0015 ) _ 1,800  psi .
b (.625 ) | A

Bending stress at Smallest Pulley in Serpentine System (on opposite side of belt):

S = E ¢ _ 7.5 x 10%) (.0015 ) _ 3, 600 psi
Dg (3125 )
- Max. Stress Outside Pattern: Max. Stress Serpentine Pattern:*
’ _SQ = : S = 2,940
Plus S = Plus S = 890
~ Smax = - Sub-total = 5,639
Plus §, = 3,600
. _ ‘ .
Minimum Stress All Patterns: S = 7,430
: , : : max , -
S = 2,940
Minus St = 890 * Note: Base Calculations on side of
» , ' belt which is in contact with
'Sub-total = 2,050 . . pulleys. If both sides contact
- R pulleys (with reversed bending)
Minus Sp = 1,800 ' use the side of the belt which
o : N results in the algebraic highest
Smin = -+ ,250 ’ : ) value of S .
Figure 23 A

- Page 84
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. _APPENDIX D

Procedure for Laying Out Weibull Distribution Probability Paper

-There are two basic tecﬁniqueé which cAan be-us'ed to lay out the portion
failed (curm_ﬂativé progability) $cale. The first is.by m'easuremen't and the
second is a g;‘aphical technique; VIn any case, the size of the probabilify
'scale has é fixed relationship to the length of the logarithmic scalbe cycle, k
The values to be used in these t\INO methods.are deri&ed from Table 2 iﬁ

Reference 7 P

The first method utilizes the fifst and fourth columns in Table 5. The
fourth column provides the position of the cofresponding portibn failed ‘(inb
columﬁ one), Select the rénge- of va-lues to be covered and lay out £he Weibull
Distribution scale on the abscissa with the 1»oga‘rithmic scale on-t};e ordinate,
The origin should be locatcw whout two-thirds from the left-hand margin,
This arrangement of scales permits the direct use of the method of leas.t'
squares, The opposiﬁe arrangement of scales would require the interchang-’-
ing 'of su}'asc:l_"ipts in the forms with greater chance of error in thei_trans-.-

position of s'ubseripts,

The second method uses the first and fifth column in Table 5. Plot a
threé—cycle log scale on the ordinéte (semi.-logarilthmic papef may be used),
Draw a vel;tical iine in a position about two-thif(.is. froﬁ the left-hand m.argin,
Draw a line at 45 o through theiintersectiori of this vertical line anci the end

of the second log cycie from the bottom, with a positive slope (from the lower

R TR SRR ' v

i} y o : B ':;"my
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left.toAthe:vntilAppér figﬁt); ‘Thve_ Vertical line is the 50% fail.ed. péinﬁt. FSelect
any of‘he1-' pércent failed vélue and read the corresponding numbér in the. fifth
c.olumn. | T}.le ihtersegtion of the number from the ﬁfth,c.olumn read on the
log sca}e with the‘45o line is the location of thé cérrespohding p_erc'_eﬁt
failed value. Dfa\_v a vertical line through_this intersection and label.
-Ta;blc;,.S was. derived from Table .Z_IRéi;erence 7 in the bfollowing'
manner: | Thé values éf @ is subtracted from 1 to change the maxima in\the
fefe?ence into minimé. The second column is t:éken directly fron# the column
headed 'y'". This is the number of standard deviations to the value oprei'cent
failed from the mean of the function. TheAth.ird column.is a shift of the origin
from the mean to the median of the function. The fourth cplumn is obtained
by rhultiplying the third column by 0.43428, a.- scale changé to make a
standard deViation equal in 1-en'gth to a log cycle. This rﬁakes ;ﬁhe slope of the
cumulative plot equal to the stan.dardv deviation of the distribution. 'i‘he fifth
column is the common antilogz;ritilm of the fourth column. The value in the
fifth.colum-n can also be found in 'I'able 4f Réference 2. . Thié rethod of
derivation is giveﬁ sé that addi.tiénal points may be obtained by recourse

to Reference 7.
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' TABLE 5
Plotting Weibull Distribution tProbability’Paper»
o _ . S X in Log

Portion S Sigma Cycle .Reading On
Failed Sigma 40,3665 Base Lengths Log Scle
0.001  -6.9073 -6.5408  -2,8405 0,00144
0,005 -5,2958 -4.9293 -2,1407 0.00722 .
0.01 . .-4,6002 -4,2337 -1.8386 0.0145
0.05 -2,9702 -2.6037 -1.1307 0.0740
0,10 . 22,2500 -1,8835 -0,8180 | 0.1521
0.15 -1,8170 ~ -1,4505 -0.6299 0,2345
0.20 | -1,5000 -1,1335 -0,4922 ~0,3220
0.25 -1,2459 -0.8749 -0,3819 0.4150
0.30 - -1.0309 -0,6644 -0,2885 0,5146
0.35 -0.8422 -0,4757, -0,2066 ~  0,6214
0.40 -0.6717  -0,3052 -0.1325 0,737
10,45 -0.5144 -0,1479 - -0,0642 0.8626
0.50 ~0.3665 10,0000 0,0000 ~ 11,0000
0.55 -0,2250 0.1415 0,0614 1,152
0.60 -0,0874 ~0.2791 0,1212 © 1,324

0,65 . 0.0486 0.4151 © 0,1803 1,515
0.70 0.1856 - 0.5521 0.2398 1,737
0.75 ©0.3266 ~0,6931 0.3010 | 2,000
0.80 0.4759" 0,.8424 0.3656 2,321
0,85 0.6403 11,0068 0,4372 2,737
0.90 | 0.8340 11,2005 0.5214 3,322
0.95 1.0972 1,4637 0.6356 ' 4,321
0.99 . 1,5272° 1,8937 - 0.8224 6,644
0.995 1,6674 .~ .2,0339 . 0,8832 7.642
0.999 1.9326 - 2,2991 0.9984 - 9.963
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